A Study on the biochemical effects of hyperthermia of tumour cells. by Lui, Chi Pang. & Chinese University of Hong Kong Graduate School. Division of Biochemistry.
A study on the biochemical 
effects of hyperthermia 
on tumour cells 
by 
Lui Chi Pang 
B.Sc. Hons. (Birmingham),, M.Phil. (Hong Kong) 
A Thesis 
submitted in partial fulfilment 
of the requirements for the degree of 
Doctor of Philosophy 
in the Department of Biochemistry 
The Chinese University of Hong Kong 
May 1992 

Parts of the work described in this thesis have been 
published as follows: 
Lui, C.P.; Kong, S.K.; Fung, K.P. Choy, Y.M. Lee, C.Y. 
(1991) 
Changes in intracellular pH in U-87 MG glioblastoma cells 
during hyperthermia. (Abstract submitted in the 9th 
Symposium of the Federation of Asian and Oceanian 
Biochemists, December, 1991). 
Acknowledgements 
am greatly indebted to my supervisors, Prof. C.Y. Lee 
and Dr K.P. Fung, for their constant guidance and advice 
throughout the entire project, and their constructive 
criticisms in reading and checking the manuscript. .. . 
I would like to express my sincere appreciation to the 
postgraduates and staff of the Department of Biochemistry, The 
Chinese University of Hong Kong who have supported and given 
me advice during my study. I would also like to thank Dr. 
P.K. Chan of Department of Pharmacology,. Baylor College of 
Medicine, Texas for his kind donation of the anti-B23 
monoclonal antibody for the investigation of the nucleolar 
protein as well as his advice on this project. 
Finally,
 :I would also express my thanks to my wife who 
has been giving me support and being so patient while was 





BCIP 5-bromo-4-chloro-3-indolyl phosphate 
BSA bovine serum albumin 
DDT dithiothreitol 
DFC dense fibrillar component 
DMSO dimethyl sulfoxide 
EAT Ehrlich Ascite Tumour 
EDTA ethylenediaminetetra-acetic acid 
FC fibrillar centre 
GC granular component … 
HEPES N—2—hydroxyethylpiperazine—N 2-ethane — sulfonic 
acid 
HSP heat shock protein 
i.P. intraperitoneal 
kD kilo Dalton 
MTX methotrexate 
NANA N-acetylneuraminic acid 
NBT nitro blue tetrazolium 
PBS phoshpate buffered saline 
PAGE polyacrylamide gel electrophoresis 
PMSF phenyimethylsulfonyl fluoride 
pHg extracellular pH 
PH^ Intracellular pH 
sodium dodecyl sulphate 
TBST Tris-buffered saline .+ Tween 20 
WBH whole body hyperthermia 
ii 
Abstract 
The hyperthermic effects on the biochemistry of Ehrlich 
ascite tumour (EAT) cells were investigated. Three other cell 
lines were also used in some of the studies for the purpose of 
comparison. They were the mouse embryo cell line BALB/3T3 
clone A31 and human glioblastoma U«87 MG and U-373 MG cell 
lines• 
Hyperthermia at 43°C for 1 h was found to be cytotoxic to 
the two murine cell lines, but the human glioblastomas were 
resistant even when treated at 43 0 C for 4 h as determined by 
trypan blue exclusion test. 11¾]-thymidine incorporation into 
/ 
the intracellular macromolecules was inhibited immediately 
after hyperthermia in all the cell lines tested and they 
differed only in the degree of inhibition. The incorporation 
in EAT cells was suppressed to a greater extent than in the 
glioblastomas, again indicating the vulnerability of EAT cells 
towards hyperthermia. When the incorporation of [3H]-
3 . w 
thymidine, [ H]-uridine and [A,C]-L-leucine was studied in 
detail in EAT cells by varying the heat dose (ie. a change in 
temperature and duration), a biphasic profile was observed in 
the Arrhenius plot for the [3H]-uridine and [14C]-L-leucine 
incorporation while the [ H]-thymidine incorporation responded 
in a linear manner. This indicated that the inhibition of 
3 . . 14 .. 
LH]-uridine and [ C]-L-leucine incorporation was determined 
by at least two different mechanisms, one working below and 
one above the transition temperature of 42,5*C. 
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When the U-87 MG and U-373 MG glioblastoma cells were 
treated with a combination of hyperthermia and 
chemotherapeutics, including puromycin, methotrexate and 
actinomycin D, no synergism was observed in terms of 
cytotoxicity as measured by neutral red uptake« At best, 
puromycin seemed to show additive effect when combined with 
hyperthermia at 43 ° C on the glioblastoma cells. 
Heat treatment at 40.5 *C for 1 h on EAT-bearing mice 
resulted in prolonging the survival of the mice, when compared 
with the controls which were also inoculated with EAT cells 
but received no heat treatment. This was not due to a 
selection of the heat-resistant mice, but a direct effect of 
hyperthermia on the EAT cells in vivo. 
The initial changes in intracellular pH (pH.) under 43°C 
hyperthermia were studied in U-87 MG glioblastoma cells. The 
pH^ was measured by using a fluorescent dye 29 ,7'-
bis(carboxyethyl)-5(6)~carboxyfluorescein, with which, the pH. 
was measured directly in a fluorometer while the cells were 
subjected to hyperthermia. At an extracellular pH of 7•2, the 
pHj^  dropped by 0.25 ± 0 • 11 pH unit when the ambient temperature 
of the cells was increased from 37 to 43 C. The drop was even 
more intense when the external pH (pH&) was lowered to 6.7. 
The acidification was readily reversible by cooling the cells 
again to 37'C. Both the Na+/H+ antiporter and Na+-dependent 
HC03 /CI antiporter appeared to be involved in regulating the 
hyperthermia induced pH changes, as 1 mM amiloride or the 
absence of HCO^" was able to enhance intracellular 
acidification and suppress the reversal process• 
Intracellular acidification also correlated with the 
iv 
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inhibition of [ H]-thymidine incorporation in the tumour cells. 
This disregulation of pH^ was probably a result of the changes 
in pK4 values of the intracellular biomolecules and the 
a 
transient inhibitory effect on the pH- regulatory systems 
during hyperthermia. Thus, it was also found that there was a 
loss of sialic acids from the surface membrane of EAT cells 
treated at 43 C, indicating the vulnerability of the plasma 
membrane towards hyperthermia. 
The effects of hyperthermia at 41° and 43 C on the 
nucleolar protein B23 in EAT cells, U-87 MG arid U-373 MG cell 
were studied. Cellular localization of protein B23 was 
detected using an immunofluorescence technique. Diminution of 
fluorescence in the nucleoli occurred in varying degrees when 
the EAT and glioblastoma cells were treated at various 
temperatures and duration. Among the three cell lines, EAT 
cell was the most responsive to hyperthermia. The decrease in 
nucleolar fluorescence of EAT cells and glioblastomas treated 
at 41 and 43°C correlated with their subsequent survival. 
Dispersion of the nucleolar argyrophilic granules occurred in 
the EAT cells aftejr heating at -43°C for 1 h. All these facts 
have indicated the hea sensi ivity of the nucleolar proteins. 
All the four cell lines were found to produce 72-kD heat 
shock protein (HSP) when heated to 43 C in vitro or 40.5 C in 
the EAT cells in vivo, as determined by using monoclonal 
antibody against 72-kD HSP in the Western blottings. This 72-
kD HSP was also observed to concentrate in the nucleoli when 
investigated by using the immunofluorescence technique. The 
amount and duration of the 72-kD HSP synthesis varied among 
the different cell types, and they seemed to correlate well 
v 
with their susceptibility towards hyperthermia. 
An overall increase of histone acetylation occurred after 
hyperthermic treatment at 40.5 ° C for 1 h in EAT cells in vivo. 
This could modulate the interaction of histories with DNA and 
allow the initiation of DNA replication and/or RNA synthesis, 
although other results had suggested an inhibition of 
macromolecular synthesis after hyperthermia» At the same 
time, a nuclear acidic protein band of 78 kD as observed in 
the SDS-PAGE appeared to show an increase in acetylation soon 
after hyperthermic treatment. 
The various biochemical changes found in this study are 
discussed in relation to the susceptibility of the cells 
towards heat. This would allow further understanding of the 
cellular response when hyperthermia is used as a modality of 
cancer therapy. 
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Review of Literature 
The use of hyperthermia in treatment of cancer has a long 
history. One of the oldest medical texts describes the 
treatment of a breast tumour with hyperthermia. The 
description is found in the.Edwin Smith Surgical Papyrus; an 
Egyptian papyrus roll which can be dated back to about 3000 
B.C. (for review see Overgaard 1985 ) , Treatment with 
hyperthermia is also mentioned in medical reports of Greek 
physicians. Parmenides believed that he could cure all 
illnesses including tumours if he had the ability to induce 
fever (Overgaard, 1985 ). 
The more recent interest in the use of hyperthermia for 
cancer treatment started with the observation of the German 
physician W. Busch that a sarcoma disappeared after a 
prolonged infection with erysipelas, which resulted in high 
fever (Busch 1866) . In the late 1960s, a renewed interest in 
hyperthermia s initiated in several laboratories. The 
observation that hyperthermic treatment enormously increased 
the effects of radiation and chemotherapeutic drugs was very 
stimulating. It has been demonstrated that hyperthermia can 
improve tumour therapy if it is used as a palliative treatment 
modality. The curative value still has to be proven. This 
project is initiated to look into he various biochemical 
changes inside the tumour cells during and after hyperthermia 
that may directly or indirectly affect the survival of the 
cell population. 
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I• Cellular response to hyperthermia 
A, . Effects on macroinolecules synthesis 
Heating of cells between 42° and 45 ° C produces inhibition 
of DNA, RNA and proteins synthesis as measured by the 
incorporation of labelled precursors into these macroinolecules 
(Hahn 1982 Streffer 1982 Marcooci and Mondovi' 1990). The 
degree of inhibition correlates with the temperature during 
hyperthermia. For the .same heat dose, RNA and protein 
synthesis recover f aster than DNA syntheses. 
Both the initiation and elongation of DNA are suppressed 
during and after heat treatment (Gerner et al. 19 79; Henle and 
Leeper 1979). Warters and Stone (1983) reported that heat 
treatment in HeLa cells caused a long-term inhibition of 
ligation of replicative DNA fragments into chromosome-sized 
DNA. This agrees- with the nieports that the activity of 
poly(ADP-ribose)-synthetase decreases in human melanoma cells 
after heating (Streffer et al. 1983; Tamulevicius et al. 
1984). This enzyme is bound to the chromatin and is involved 
in DNA ligation and repair processes ( Shall 1984) . This could 
have caused the chromosome aberrations in S-phase cells but 
not in G phase cells at elevated temperature (Dewey et al. 
1980) Recently, Iliakis et al. (1990) demonstrated that 
hyperthermia could cause a reduction of the repair of 
radiation-induced DNA single and double strand breaks. DNA 
3 
polymerase J3, which is involyed in unscheduled DNA synthesis 
for DNA repair, has also been found to be thermosensitive 
(Dube et al• 1977) . A positive correlation between 
hyperthermic cell killing and depressed DNA polymerase 
activity in CHO cells was observed (Spiro et al, 1982). Its 
activity is also related to the therraotolerance in CHO cells 
(Dewey and Esch 1982) but not for HeLa cells (Jorritsma et al, 
1984). 
Conformational change of the nucleolar structure of cells 
heated at 42 C was observed through electron microscopy 
( Simard and- Bernhard 1967) • This was coupled with the 
reduction of labelled uridine incbnporatio.n in the chromatin 
structure. Heating also blocks the processing of 45S RNA 
which is a precursor of he functional 18S rRNA (Warocquier 
and Scherrer 1969). 
McCormick and Penman (1969) have reported a rapid 
disaggregation of polysomes when HeLa cells have been heated 
to 42 C. Heating of Ehrlich cells at 43 C for 20 min also 
depleted the levels of the initiation complex for polypeptide 
synthesis (Panniers and Henshaw 1S84), inhibiting the 
synthetic rate by 80 %• However, he effect was readily 
reversible when the cells were returned to 37°C, suggesting 
hat neither mRNA nor protein essential for polypeptide chain 
initiation were destroyed by the heat. Phosphorylation and 
dephosphorylation of the eucaryotic initiation factor 2 (elF-
2) may play a role in this connection (Burdon 1985). 
4 . 
B, Effects on glycolysis and respiration 
Glucose metabolism has been thought to play a 
considerable role in hyperthermic cell damage, since it is 
closely linked to lipid and amino acid metabolism. Glucose is 
metabolised in all cells through the glycolytic pathway to 
pyruvate, then metabolised to acetyl-CoA which is degraded in 
the citrate cycle. Here, NADH is generated which supplies 
electrons for oxidative phosphorylation in the presence of 
oxygen. Under anaerobic condition, however, pyruvate is 
reduced to lactate. Thus, these pathways are linked to 
various factors, such as pH and oxygen tension. It has been 
proposed hat hyperthermia increases the glycolytic rate by 
which the lactate level should be increased in tumour (von 
Ardenne 1980). This leads to a drop in intracellular pH, and 
thus would enhance the cellular thermosensitivity. On the 
contrary, a reduction of glycolysis was observed in vitro 
under anaerobic condition in tumour tissue slices (Dickson and 
Calderwood 1979) . In this experiment, the rat tumours were 
heated in situ a.t 42°C. A high glucose load of 6 mg/g body 
weight before hyperthermia enhanced the inhibition. In other 
experiments, temperatures up to 44°C exerted no effects on 
glycolysis for several tumours (Strom et al. 1977). 
In the in vivo experiments, for example , it has been 
observed that glucose loading decreases the pH in normal rat 
tissue and tumours under hyperthermia (Jahde and Rajewsky 
1982), a result of accumulation of lactic acid in the heated 
tissues. Studies with a mouse adenocarcinoma transplanted 
5 
into the hindleg have demonstrated a decrease in glucose level 
after 1 h local heat treatment at 43 ° C. The lactate and a 
number of glycolytic intermediates, such as glucose-6-
phosphate, fructose-1,6-bisphosphate, dihydroxyacetone 
phosphate and pyruvate increased during the treatment, then 
decreased at later times. In this case, glycolysis is 
apparently not inhibited during hyperthermia. Investigations 
u 
with [ C]-glucose have demonstrated an enhanced turnover of 
glucose during whole body hyperthermia of mice at 40° and 41'C 
(Schubert et al. 1982) as measured by expired labelled CC^. 
Thus, it appears that glycolytic rate is usually not impaired 
in tumours and in the liver of mammals during a hyperthermic 
treatment it may even be increased. 
C, Effects on plasia membrane, intracellular 
ionic level and intracellular pH 
Macromolecular transition in plasma membrane 
Heat alone predominantly induces two principal effects at 
molecular and metabolic level (Streffer 1985): 
1. Conformational changes as well as destabilization of 
macromolecules and of multimolecular structures. 
2. Increased rates of metabolic reactions during the heat 
6 
treatment followed by disregulation of metabolism mainly 
after hyperthermia. 
The conformation of macromolecules are mainly stabilized 
by convalent bonds between subunits, or ionic interactions, 
hydrogen bonds, as well as hydrophilic/hydrophobic 
interactions between macromolecules and their environment• 
Many of the proteins have their structural transitions at 
temperatures between 40 -45 C, in which cell killing takes 
place (Lepock 1982) . Also, many amino acid residues which 
stabilize protein conformation by their ionic interaction, 
have pK values around physiological pH. Since pK values are 
affected by temperature, a change in the latter will alter the 
protonation states and thus contributes to conformational 
changes of proteins during hyperthermia (Wallenfels and 
Streffer 1966). 
It has been suggested that membranes are the main 
cellular targets for hyperthermia in bacteria and mammalian 
cells (Hahn 1982) . Investigation on membrane-bound receptors 
have shown that they are inactivated or lost from the 
membranes during hyperthermia. Heat induced a loss of 
available insulin receptors in the plasma membrane of CHO 
cells, which was closely associated with cell death 
(Calderwood and Hahn 1983), Similar effects were found for 
the binding of monoclonal antibodies to murine lymphoma cells 
(Mehdi et al. 1984). By using scanning electron microscope, 
Issa (1985) revealed a loss of intermembrane protein particles 
(used to stabilize the membrane) after heating the mouse small 
intestine microvilli at 41°C for 30 min. A decrease in cell 
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electrophoretic mobility was detected as early as 15 min after 
treatment at 42 C in mastocytoma cells, and progressed more 
rapidly under hypoxic conditions than under oxic conditions 
(Sato et al. 1981) . It was suggested that the mechanism of 
electrophoretic mobility reduction by heating was the vertical 
translocation of hyaluronidase-sensitive charge from the 
peripheral layer into a deeper layer by combined use of 
specific enzymes and stepwise different ionic strength. 
Much attention has also been paid to the lipid 
constituents of the membranes in relation to hyperthermic cell 
killing. A correlation of membrane permeability and loss of 
membrane-bound ATPase with cell killing was observed by Bowler 
et al. (1973) . High cholesterol content of plasma membranes 
has been shown to affect hyperthermic cell death in several 
cell lines (Cress et al. 1982), However, high microviscosity 
of membranes due to cholesterol in V-79 Chinese hamster cells 
showed no effects on the thermosensitivity (Yatvin et al. 
1983 ) • . 
In prospective, both lipids and proteins may play a role 
in hyperthermic membrane damage. Studies with Raman 
spectroscopy on erythrocyte membranes show that temperature 
dependent transitions involve both hydrophobic amino acid 
residues and lipids. 
Alteration in intracellular ions and pH 
n mouse mastocytoma P815 cells, the change of Kf ions 
under 43 C hyperthermia was pH dependent; the CI" ions also 
8 
decreased simultaneously while the Na+ content did not change 
by a significant amount (Yi et al. 1983) , On the other hand, 
Vidair and Dewey (1986) supplied a heat dose which rendered 98 
% CHO cells dead (in the reproductive sense) found no 
significant changes in their Na+, K+ or Mg+ contents by 28 h 
postheat. In contrast, they observed an increase in Ca2+ 
content in a dose—dependent manner as observed at 22 h after 
heating for 15-35 min at 45 C. Recently, Mikkelson et al. 
(1991) also demonstrated irreversible heat induced changes in 
intracellular Ca homeostasis mechanisms which was suggested 
to be a critical factoi? in:hfeat cytotoxicity. Leeper (1985) 
observed an increased influx of Ca2f and efflux of K+ ions. 
1 ., 
The decrease in K ions in CHO cells after hyperthermia at 43 C 
preceded any loss of reproductive capability and also occurred 
a non-lethal temperature of 40 C (Bates and MacKillop 1987). 
However, this loss of K ions had been suggested not to be a 
direct cause for hyperthermic cell killing (Ruifrok et al. 
1987),. • . : 
Hyperthermic treatment can result in decrease in 
intracellular pH (pHt) (Chu and Dewey 1988 Gorizalez-Mendez and 
Hahn 1989). The decrease in pH. has been shown to sensitize 
1 
hyperthermic cell death (Fellenz and Gerweck 1988; Hofer and 
Mivechi 1980) . Overgaard (1976) suggested that a decrease in 
pHi could lead to cell injury by increasing lysosomal activity. 
The change in pH^ under hyperthermia has been suggested to be 
due to changes in the pKa values of the intracellular buffering 
components (Gonzalez-Mendez and Hahn 1989) or lactic acid 
production (Burdon et al. 1984), Since heat can also disrupt 
the normal functioning of the plasma membrane (Oyergaard 
.. ....9 
1976), pHi regulatory system can be damaged at high 
temperature . 
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II• Physical aspects 
j 
A,; Survival curves 
When cells are heated between 41 to 47 C, numerous 
biochemical activities are altered. Some of those changes may 
lead to cell death. The assay which is normally used for 
studying thermosensitivity of cells is the test of colony 
formation. When mammalian cells are incubated at the 
hyperthermic temperatures, survival, defined as cells with 
reproductive integrity, decreases with increasing incubation 
time . 
When survival is plotted on a logarithmic scale against 
time at a constant temperature, three types of dose-effect 
curves are observed. The first type was found typically after 
heating HeLa cells for periods up to 5 h between 41 and 45 C 
(Gerner et a_Z.: 1,75). The dose effect curves appear linear 
(Fig. 1,2.1). Thus, it is of an exponential type which can be 
described by: 
. S = S e'kt 
. o 
where S is the survived cells at any time t, Sn is the initial 
number of cells at the start of the experiment (t=0) k is the 
inactivation rate constant at a given temperature and t is the 
duration at that temperature. 
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Figure 1.2.1 Survival curves of HeLa cells exposed 
to elevated temperatures for different time periods 
(Gerner et al. 1976)• 
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A second type can be obtained by heating CHO cells to 
between 43.5 and 4 6 . 5 ( F i g . 1.2.2). These curves are 
characterized by a shoulder in the beginning and then a linear 
shape at the longer incubation times. Also, the constant of 
the inactivation rate which represents the gradient of the 
exponential part of the dose effect curves approximately 
doubles when the temperature is increased by 1 C. For 
different cell lines, the constant k varies over a wide range. 
The third type of dose effect curve appears when cells 
incubated at hyperthermic temperatures below 43 C (Fig. 
1.2.2). The first part of the curve is similar to that of the 
previously described in the first type 6f
 :dose effect curve, 
but after long incubation time, the survival does not drop 
steeply. Instead, it bends and shows a shallow slope (Dewey 
G t ai
* I 9 7 7), It was suggested that this is not due to the 
heterogenecity of cells at various stages, but rather a result 
of thermotolerance during such mild treatment. 
Concept of thermal dose 







 de P o s i t e d into tissue. Thus, the unit 
of 1 gray ( G y ) is defined as 1 deposited 
1 
depend upon the rate of application, overall treatment tI^e, 
the size of the dose itself (large doses are more effective 
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•Figure 1.2.2 Survival curves of asynchronous CHO 
cells heated at different temperatures for varying 
periods (Dewey et al. 1977). 
14 
oxygen; the previous history; and individual susceptibility. 
This is also true in the case of chemotherapy where drugs are 
given in terms of mass or concentration. As with ionizing 
radiation, the response to a given dose of drug depends on the 
period of administration; the route of administration; the 
b r e a k d o w n
 Products; the distribution inside body; previous 
history of tissue; and individual susceptibility. In both 
cases, the dose can be definled as some quantities, despite 
their ambiguity in the end result due to various other factors 
involved• 
In hyperthermia, the same concept dose not apply. 
Consider when cells are incubated in an insulated box (a 
thermodynamically closed system) at hyperthermic temperature. 
A n i n c r e a s i n
^ number of cells would die with time. In this 
situation, no energy transfer is required to cause cell death. 
On this basis, it is clear that at constant hyperthermic 
temperature, duration of heating is a reasonable way of 
expressing thermal dose.. Thus, the unit of thermal dose is 
time•
 & 
However, in clinical application, a wide range of 
hyperthermic temperatures is used, and moreover, the 
temperature may not be constant during treatment. Thus, it is 
necessary to find some means of-relating any treatment to an 
equivalent time at a chosen reference temperature. 
A s W e s e e
 earlier, the survival of cells under 
hyperthermia is not linear. Be temperature 
of 42.5° to 43-C, either ^
 i o n g e r 
apply or a different reaction be C o m e s r a t e - l i m i t i n g . 
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A theoretical approach 
Hahn (1982) derived a relationship between heating time t 
and temperature T based on the classical target theory. 
Kinetic energy in the system during hyperthermia is not 
uniform, A cell is inactivated if its instantaneous kinetic 
energy exceeds a specific critical value at any time. The 
formula derived is: 
V t r : R 2 
This equation -relates treatments to a given tissue with ' 
different tem^erktuxes and tikes of heating, though, it takes 
no account of tissue sensitivity. The formula has been tested 
(Sapareto and Dewey 1984) in vitro and it provides a 
reasonable fit, especially at temperature above 43 C. 
From review of literatures giving iso-effect data in vivo 
°
r i n v i t r o
,
 F i e l d a n d
 Morris (1983) also found it fitted 
fairly well (Fig. 1.2.3). Besides, it was found for almost 
all tissues that there was a transition in the 
time/temperature relationship, occurring around 42.5°C. Table 
1 , 2 , 1 g i V
^
S t h e m e a n v a l u e s
 ^ r the constant R. In almost all 
°
a S e S j b e l
°
W t h e
 transition, a change of 1
 C i s equivalent to 
a
 °
h a n g e i n h e a ting time by a factor of six. And above the 
transition, a change of 1
 C corresponds to a change in heating 
time by a factor of two. 
ftis thmry work^ faiFlT w^ll far a t i a ^ 
the temperature is constant. In practice,
 i t i s d i f f i c u l t t o 
keep the temperature constant during the treatment. In this 
case, one can integrate the equation for the whole treatment. 
16 
‘ ..1000r . :.:. . . :.:..:.,1. :-:-::: /. 
V , ^ ¾ ¾ ] : . 
-r\ 
~ ~ ^ ~ ^ 44 A5~~~46 47 48 
Temperature (°C) 
Figure 1.2.3 Relationship between time of heating 
and temperature for a chosen level of damage in a ‘ 
range of normal tissues and tumours in situ. Each 
line represents a different biological system 
(Field and Morris 1983) 
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Table 1.2.1 Mean value for the parameter R
 i n the formula 
t2/tr = R T M 2 
Above transition Below transition 
i n v i v o d a t a
 2.1 0,07
 6. 4 o,4 
i n V i t r
° 2.0 ± 0.08 5.9 0.06 
R is also the factor by which the time is changed 
Morris 1983 )? & i n t e ^ r a t u r e by r C (Field and 
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However, thermotolerance could complicate the picture when 
multiple treatments are applied. Alternately, if there is a 
drop in temperature from above the transition to below, the 
low temperature may become far more ef fective than usual, a 
phenomenon known as * step-down sensitisation>. Also, the 
formula neither accounts for absolute differences in 
sensitivity amoung tissues, nor does it address the problem of 
varying sensitivity during fractionated heat treatments. 
Nevertheless, until a better solution can be found, this 
formula provides a practical and reasonable method of 
comparing hyperthermic treatments. 
Another model was introduced by Jung (1986) with an 
interesting general concept for the action of heat on cell 
survival. The basic idea is that cell killing by heat takes 
place in two steps 1) heating produces non-lethal lesions, 
and 2) the non-lethal lesions are converted into lethal 
events. Both processes occur randomly and depend only on 
temperature, The conversion f rom one of the non-lethal 
lesions in the cell leads to cell death. Rigorous 
mathema ical modeling leads to an equation that describes the 
surviving fraction S(t) of cells heated to a certain 
temperature for time t as shown below: 
S(t) = exp{(p/c)[l-ct-exp(-ct)]} 
where p is the rate constant for the production of non-lethal 
lesions per cell and, c is the rate constant for the 
conversion of one lethal lesion into a lethal event. It has 
been shown that at temperature range of 39 to 45 C, the 
19 
i f riirir^] 
“_ .— ‘ I J 
Arrhenius plot for p shows a breaking point at 42.5 C, From 
this, the activation energy is 370 kcal/mol below this point 
and 185 kcal/mol above this point. The conversion process has 
an activation energy of 86 kcal/mol in this range without a 
breaking point. This model makes it possible to describe the 
entire survival curve of heated cells by two parameters: they 
depend only on temperature but are the same for single heating 
as well as for step-up or step-down heating, 
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III. Clinical thermal therapy 
At. Hyperthermia iii yjyo 
Glucose metabolism in tumours and liver 
As mentioned earlier in Section I,B, there is
 a general 
increase in glucose metabolism during hyperthermia. Also, 
heat induces a transient increase of lactate level in the 
tumour which slightly decreases at the end of the treatment. 
Apparently the produced lactate is transported rapidly from 
the tumour via blood flow to the liver which then metabolizes 
it through the hepatic gluconeogenesis or citrate cycle (Fig. 
1,3.1)•
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Figure 1.3.1 Metabolic scheme of intermediary 
metabolism 
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The liver functions to provide glucose for the peripheral 
organs, while lactate which is produced in the periphery and 
not used is metabolized through the hepatic gluconeogenesis or 
citric acid cycle (Fig. 1.3.2) . However the ratio of 
lactate/pyruvate within tumour is enhanced which indicates an 
increase of hypoxia within the tumour (Streffer 1985) • There 
is a great demand of energy during hyperthermia, since lipids 
within tumours were found depleted after heat treatment. As 
lactate is central in the discussion of glycolysis, and that 
it can modify the microenvironmeri of the tumours, it seems 
.. . . . . . : ‘ ‘ . . . 
.
:
 . • ... ........ . . • .... . ... 
appropriate to look into the changes in lactate/pyruvate after 
hyperthermia. Experiments had been done on human melanoma 
cells cultured in vitro and as xenograft on nude mice 
(Streffer 1988)• When the cells were heated for 1 h at 44 C 
vitro, the lactate decreased and pyruvate stayed more or 
less the same (Table 1.3.1). Apparently, the reduced 
metabolites can transfer their electrons for oxidative 
phosphorylation, which is in agreement with he increased ATP 
synthesis (Mirtsch et al, 1984). 
In contrast a slight increase of the lactate level was 
observed when the same melanoma xenograft in nude mice was 
heated locally at 43 C for 30 min with an ultra sound device. 
The pyruvate decreased somewhat with a slight increase in 
lactate level. Thus, the overall redox ratio of 
lactate/pyruvate was increased (Table 1.3.1) . Also, the 
increase in this redox ratio depends very much in individual 
tumours (Table 1.3.2)1 The 3 different human melanonia 
xenografts grew on nude mice showed different magnitude of 
increase in. lactate level and redox ratio. In particular, 
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Table 1.3.1 Lactate and Pyruvate levels in human melanoma 
cells (MeWo) and their xenografts on nude mice 
after hyperthermia (Streffer 1985 ), 
i n v i t r o
 tumour 
( 0 1 / 1 0 c e l ls) . (pmol/g tissue) 
Control 1 h after Control 2 h after 
4 4 C 1 h
 4 3 ^ ^ 0 ^ 3 0
 m in 
Lactate 19.5 12.5 6.6
 7. 8 
P y r U V a t e
 .
6
 1 . 8 0 . 2 5 0 . 2 
Lact/Pyr 12.1 6.9 26.4
 39.0 
• ~ ~ ~ — — ~ 
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Table 1.3.2 Metabolites (pmol/g tissue) in xenografts of 
melanoma after hyperthermia (HT) at 43 C, 1 h 
(Streffer 1988). 
Bo MeWo wi 
Control HT Control HT Control HT 
Glucose 1.8 1,1 1.9 1.9 1.6 -
Lactate 5.8 12.1 6.6 7.8 5.9 6.4 
Pyruvate 0.19 0.17 0.25 0.20 0.15 0.14 
Lact/Pyr 30.5 71.2 26.4 39.0 39.3 4 5 . 7 
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when the melanomas Bo exhibited a doubling in lactate level 
after hyperthermia at 43 a for 1 h, the glucose level dropped 
dramatically. Apparently, the blood flow was especially 
reduced in this tumour. 
Thus, a considerable difference was observed in cells in 
v i t r o a n d i n t u m o u r s
 h s i t u, oxygen was abundant for cells 
i n V i t r
°' Under limited oxygen supply in solid tumour in 
V i V O j t h e r e d u c e d
 metabolites production was enhanced and 
accumulated in the tumour due to restricted blood flow. The 
data discussed strongly demonstrate the close connection and 
influences between physiological and metabolic processes which 
is seen only in cells in vivo. 
Glucose metabolism in tumour in situ has been studied 
(Hengstebeck 1983) by injecting 6 mg glucose/g body weight 
into C57B1 mice i.p. implanted with ma ary adenocarcinoma. 
The glucose level rapidly increased in the tumour, more than 
threefold, and returned to normal values within 2 h. When the 
tumour was heated locally at 43'C for 1 h, the peak level of 
glucose was smaller, and it took several hours before the 
normal value was reached again (Fig. 1.3.3). It was also 
found that the lactate level increased within the tumour and 
remained elevated for several hours, while this phenomenon was 
not observed after glucose injection or after heating of the 
tumour alone. When the lactate/pyruvate ratio was plotted, 
the combined treatment induced an elevated redox ratio for 
several hours (Fig. 1,3.4). This ratio is linked to the 
intracellular redox equilibria and mirrors the situation of 
oxygenation in the cytoplasm through the following equibilium 
constant: 
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Figure 1.3.3 Glucose levels in a transplanted mammary 
adenocarcinoma on C57 B1 mice after intraperitoneal 
injection of glucose (6 mg/.g) (o) and glucose injection 
followed directly by local hyperthermia for 1 h 
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Figure 1.3.4 Lactate/pyruvate ratios in the mouse liver 
( , ) a n d a mammary adenocarcinoma on C57 B1 mice (o,a) 
after local heat treatment of the tumour at 43°C for 1 h 
(a,g) or glucose injection (6 mg/g body weight) plus 
heat (•,•) (Hengstebeck 1983). 
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[lact. ] x [NAD+] 
K = 
[pyr.] x [NADH] x [H+] 
If oxygen supply is reduced, NADH cannot transfer its 
electrons to oxygen. Lactate thus increases, and as a 
consequence, H+ ions are also elevated. These effects might 
induce a reduction in blood flow which in turn reduces the 
transport of lactate from tumour to liver. Thus, a cascade 
be ween these phenomena leads to marked hypoxia in the tumour 
for several hours. Recently, experiment, on-RIF-l tumours ‘ 
which grew intradermally in the thigh of C3H mice showed that 
adminstration of glucose caused a transient decrease in tumour 
blood flow which preceded a drop in
 PH (Hiraoka and Hahn 
1990). The combined effect of heat and BCNU on this tumour 
was enhanced by the addition of glucose. This interplay 
between lactate, blood.flow and pH could modify the 
thermosensitivity of tissue and tumours and so the efficiency 
of a hyperth^rmiG treatment. 
B Combination of hyperthermia and radiotherapy 
Overgaard (1934) firstly showed that X-ray dose for 
tumour eradication could be reduced when the tumour was heated 
at the same time or shortly after irradiation. Similar data 
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have been obtained by a number of investigators since then 
( F
°
r r e V i e W H a h n 1 9 8 2), response of both tumours and 
normal tissues to heat, X-rays or a combination of the two is 
complex. Both agents can act directly by causing cell death 
or the loss of proliferative capacity. In addition, both 
agents can act indirectly, by damaging the vasculature and 
thereby leading to ischaemic cell death as blood vessels 
collapse or are occluded by thrombi. When the two agents are 
combined, there may be a synergism, antagonism or 
sensitisation of action of either agent by the other. At the 
S a m e t i m e t h e
 response to both agents, can be modulated by 
Physiological changes, particularly by oxygenation or acidity 
changes' that may follow from alternations of the patterns of 
blood• 
Heating during irradiation as well as with short 




r a f t e r
 irradiation increases all killing in 
& S y n e r g i s t i G W a y
,
 A s s h o w n i n F i g . . 3 . 5 , both the shoulder 
(Dq) and the DQ of the dose effect curve, which is observed 
a f t e r i r r a d i a t i o n a t
 37 C, are reduced when the temperature is 
S l e V a t e d t 0 4 0
 —
 4 5 C
 (^reffer and van Benningen 1987). The 
modification in the shoulder region could be due to the 
reduction of the repair of DNA damaged by heat. In an 
0 S t U d y
 °
n t h e
 effects of both treatments in 
relation to various stages of cells, thermosensitivity of 
cells changes during the cell cycle (Westra and Dewey 1971). 
The highest sensitivity is usually observed during other cell 
cycle phases than those which have been found
 most sensitive 
a f t e r
 to ionizing ^ ^^ . As shown in Fig. 1.3.6, 
after exposure to 6.0 Gy X-ray, the lowest cell survival
 Was ' 
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Figure 1.3.5 Radiation survival, curves of two melanoma 
cell lines (MeWo and Bell). Immediately after the 
radiation dose, cells were heated at 42°C for 3 h. 
• • X-ray alone; 0 0 X-ray + heat 
(Streffer and van Benningen, 1987) 
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Figure 1.3.6 Survival of synchronous CHO cells heated 
or irradiated during various phases of the cell cycle 
(Westra and Dewey 1971)* 
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observed during mitosis. It increased during the progression 
of the cells through the cycle and reached the highest value 
after exposure during the late S-phase. A different picture 
w a s b t a i n e d
 the thermoserisitivity of the synchronous CHO 
cells. Cells heated at 45 C for 6, 10 or 15 min produced the 
lowest cell survival in the mitotic cells. Thermoresistance 
o f t h e C H 0 c e l l s
 increased and reached a maximum during the 
late Gl-phase. The highest sensitivity was observed during 
the second half of S-phase. Similar results were obtained by 
other authors (Kim et al. 1976 Bhuyan et al. 1977) . The 
arrested S-phase cells died immediately after the heat 
treatment (Lucke-Huhle and Dertinger 1977) • It has been 
suggested that the newly synthesized DNA pieces and the DNA-
syn hesizing complex disaggregate (Streffer 1985 ) . The 
enormous thermosensitivity of mitotic cells can apparently be 
explained by disaggregation of the microtubles which form the 
spindle apparatus. Thus, the heated mitotic cells cannot 
complete mitosis . This finding is of special interest, as 
cells in late S-phase are usually radio-resistant. Ionizing 
radiation and hyperthermia may act complementarily. 
Attention has been drawn to the relationship between 
. repair of DNA damage and cell survival in radiosensitization. 
Activation energy of about 140 kcal/mol was determined for the 
inhibition of DNA strand break rejoining in Ehrlich ascites 
cells (Jorritsma and Konings 1983). The polymerase ]3 is of 
special interest in this respect, since it is known to be 
involved in DNA repair and furthermore, appears to be 
especially sensitive to heat (Dube et ai. 1977). Heating of 
CHO cells to 45 ° C (Fig ,1. 3 . 7 ) induced a biphasic response for 
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Figure 1,3.7 Loss -of polymerase ^  activity in CHO 
cells heated to 43°C (•). TT (o), effect of thermo-
tolerance on thermal sensitivity of polymerase 
(43 C, 45 min — 37°C, 16 h — 43°C) (Jung and 
Dikomey 1988) 
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the loss of Polymerase 13 activity ( Jung and Dikomey 1988). 
Moreover, the induction of thermoto1erance in CHO cells 
affects the heat sensitivity of polymerase J5. Thermotolerant 
(TT) CHO cells showed a lowering of polymerase J3 sensitivity 
by a factor of five. When the polymerase ]3 activity after 
various single or multiple heat pretrea ment were plotted -
against thermal enhancement ratio (TER) as determined for 
several dose response curves .for heat combined with X-ray, a 
strong correlation (Fig .1.3.8) was observed ( Jung and Dikomey 
1988). A similar correlation was indicated for CHO cells by 
Mivechi and Dewey (1985) and for HeLa cells by Jorritsma et 
a l t
 ( 1 9 8 6 ) indicating that hyperthermic radiosensitization 
might be associated with the transient loss of polymerase ^ 
activity. 
I n v i v o
 study for six transplantable mouse tumours showed 
hat values of thermal enhancement ratios (TERs) varied from 
1 , 1 t o 1 , 8
 (Hill and Denekamp 1979) . The therapeutic gain 
factor (TGF) was larger when the heat was given after 
irradiation. Extensive studies performed by Dewhirst et al. 
(1985) with dogs and cats showed that the rate of complete 
tumour regression was higher after the combined treatment than 
after X-ray alone. Development of thermotolerance was 
observed in some tumours. Nielsen (1984) showed that the 
amount of radiosensitization was apparently reduced in mouse 
ma
 a r y tumour when a conditioning dose of heating was given 
before the combined treatment. There is a general agreement 
that heat should be applied after irradiation^,^
 u s e 
hyperthermia as a radiosensitizing agent (Streffer et al 
1 9 8 3 ) . 
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Figure 1.3.8 Correlation, between the activity of 
polymerasey3 measured after various heat treatments, and 
thermal enhancement ratio determined after the same heat 
pretreatments on the 10 % survival level of heat response 
curves normalized to 100 %.at zero radiation dose. Filled 
symbols, single heating at different temperatures for 
different times; open symbols, multiple heat treatments 
leading to acute thermotolerance (A), chronic thermo-
tolerance (o), or thermosensitization (a) (Jung and 
Dikomey (1988)• 
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Clinical trial in 27 patients who received a combination 
1:92 
of interstitial Ir radiation with microwave hyperthermia in 
various sites resulted in 9 patients showing no evidence of 
tumours following the combined therapy (Petrovich et al. 
1988). In another comparative study of combined treatment 
versus radiotherapy alone in human skin tumours, the response 
rate in certain recurrent tumours was higher after treatment 
with thermo-radiotherapy than, after radiotherapy alone 
(Lindholm et al. 1988). Treatment results published in 66 
studies between 1977 and 1980 have been reviewed by Overgaard 
(1983), A total of 3024 patients, most of them with 
superficial lesions, had undergone hyperthermia. When heat 
was given alone (276 patients), complete response occurred in 
only 13 % of the patientsr with partial and no response of 37 
% and 48 % respectively. After combined application of 
hyperthermia and radiation, the frequency of complete response 
was about twice as high as after radiotherapy alone. 
c. Combination of hyperthermia and chemotherapy 
Although hyperthermia alone has limited antitumour 
effects at clinicalliy tolerable doses, the method is 
currently being widely studied in combination with radiation, 
with promising results. Much less is known about the 
Possibilities of combining hyperthermia and chemotherapeutic 
drugs, A better understanding of the pharmacological effects 
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of hyperthermia and the interaction of heat and drugs is 
necessary for rational clinical application of the combined 
modality approach. 
Mechanism of interaction 
The two main areas where both treatments interact would 
be on the drug uptake and DNA alkylation process. For the 




f t h e m a i n c a u s e s o f
 killing due to hyperthermia 
alone (Wallach 1977). Based upon this fact and reports of 
increased drug uptake at elevated .temperature, many authors 
refer to increased uptake of chemotherapeutics as the main 
mechanism underlying the enhanced effect observed on 
thermochemotherapy. The fact, however is not that straight 
forward. There is no universal increased concentration and 
increased efficacy of the drugs with hyperthermia, and there 
is no Positive interaction for all drugs where increased 
intracellular concentration has been demonstrated (Dahl 1988). 
Different tumours respond differently to the heat induced drug 
take. Furthermore, chemotherapeutics differ in their uptake 
mechanism (active transport, passive diffusion) or exclusion 
(active efflux, passive diffusion). Their charges may change 
d U e t Q t e m P e r a t u r e a n d
 P H affecting the drug uptake. 
While hyperthermia induced doxorubicin uptake in CHO cells and 
induced enhanced cytotoxic effects (Bates and Mackillop 1986), 
he a t i n g at 43»C in HeLa cells reduced bleomycin uptake, y e t, 
still produced an enhanced cell killing (Hassanzadeh and 
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Chapman 1982). Thus increased drug uptake may contribute to 
the observed effects in certain tumours with certain drugs, 
but it is not the only cause of increased cell killing, On 
he other hand, hyperthermia makes the fungicide polyene 
antibiotics, amphotericin B, cytotoxic for mammalian cells, 
probably by interaction with sterols in the cell membranes 
(Hahn 1982), Similarly, local anaesthetics and alcohols which 
affect membranes turn cytotoxic when combined with 
hyperthermia, suggesting a common membrane target. 
As far as intracellular targets are concerned, direct DNA 
damage has been shown as single strand breakage of DNA 
examined by alkaline sucrose sedimentation profiles after 
combination of hyperthermia and methanesulfonate (Bronk et al. 
1973), bleomycin (Smith et al. 1986), cisplatin (Meyn et al. 
1980) and peptichemio (Djordjevic et al. 1978) as well as 
structural DNA changes (Smith etai. 1986). Reduced repair of 
single strand breaks at high temperature have been 
demonstrated (Djordjevic et al. 1978; Kubota et al. 1979). 
Further, a direct inhibition of DNA repair enzyme (polymerase 
J3) has also been observed by hyperthermia alone (Spiro et al. 
1982). Cytotoxic oxygen radical production may be related to 
the alkylating drugs which cause damages by depleting cellular 
glutathione - an oxygen radical detoxifer (Arrick and Nathan 
1984)• NADH dehydrogenase in mitochondria has been shown to 
contribute to the production of semiquinone free radical 
intermediates from anthracyclines(Gervasi et al. 1986). I t 
S e e m S t h a t
 hyperthermia, ionizing radiation and most 
chemotherapeutic drugs may exert their cell killing activity 
through similar cellular effects. 
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Pharmacological changes due to hyperthermia 
Increased hydrolytic degradation of nitrosoureas, BCNU, 
CCNU (Hahn 1978) and chlorambucil (Eksborg and Ehrsson 1985) 
has been found even at mild hyperthermia. The aqueous 
solubility of drugs also increases with increasing temperature 
(Ballard 1974). Since enzymatic reaction are temperature-
dependent ,increased metabolic activation or inactivation may 
occur during hyperthermia. Cyclophosphamide which is normally 
metabolized to active alkylating derivatives by microsomal 
oxidases in the liver, showed less alkylating. activity when 
incubated with liver slices (Clawson et al. 1981) or by 
perfusion of rat liver (Skibba 1982) at temperatures 41' to 
44 C. In contrast, the rate of production of alkylating 
species from mitomycin C was increased at 41° 43 C, during 
anoxic conditions (Teicher et al. 1981). It is also possible 
that during metabolism within the target cell may be changed, 
as doxorubicin produced more metabolites (aglycones) at 
elevated temperatures (Dodion et al. 1986). Not surprising, 
the alkylation reaction may also be affected by hyperthermia. 
Also, protein binding to drugs, eg. nitrosoureas, methotrexate 
(MTX), may be weakened at high temperature, leaving a higher 
free fraction of drugs to react with target cells (Oliverio 
1973; Warren and Bender 1977). 
Hyperthermia in vivo causes increased blood flow in the 
normal tissue, but only a transient increase, followed by shut 
down of blood flow due to stasis and haemorrhages, in most 
tumours (Reinhold and Endrich 1986). If the flow is stopped 
due to high temperature, systemically administered drugs -
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cannot reach the tumour cells, but drug already present will 
also be trapped with the tumotsrs. Increased cell killing was 
observed in the tumour periphery when cis-platin and 
hyperthermia were combined (Mella 1985). A spatial 
cooperation thus occurs, where hyperthermia kills the 
centrally located tumour cells while the chemotherapeutic 
agents enhanced effect in the vascularized areas where the 
proliferating cells are insufficiently heated and also not 
completely eradicated by the drug alone. The half-life of a 
drug in vivo can also be altered by heat. Thus, an increased 
plasma half-life of doxorubin was observed in rats and rabbits 
due to reduced biliary excretion at temperature from 41 to 
42.3 G (Mimnaugh et al. 1978; Skibba 1982). On the other 
hand, no change in half—life of total cis-platin was resulted 
on infusing the drug in man during whole body hyperthermia 
(Gerad et al. 1983 ) • 
Chemotherapeutics in use 
Chemotherapeutics can be classified into 6 catagories: 1) 
alkylating agents, eg. thio-TEPA, mitomycin C, cyclophospha-
mide; 2) nitrosoureas, eg. BCNU, CCNU; 3) antitumour anti-
biotics, eg. anthracyclines, actinomycin D, bleomycin; 4) 
antimetabolites, eg. methotrexate (MTX), 5~fluorouracil; 5) 
Plant alkaloids, eg. vincristine; and 6) other miscellaneous 
agents, eg. hydroxyurea, ethanol, lidocaine, procaine (the 
last 3 are thermosensitizers). A detailed review has been 
published by Engelhardt (1987) on their interactions with 
hyperthermia. 
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The cytotoxic effects of alkylating agents are most 
likely the result of their interactions with DNA (Ludlum 
1977). The consequences of base alkylation include misreading 
of DNA code, single-strand breakage, cross-linking DNA, and 
inhibition of DNA, RNA and protein synthesis preferentially in 
rapidly dividing tissues. Hyperthermia as a potentiator of a 
variety of commonly used antitumour agents, particularly the 
alkylating agents, is now well established. In rats bearing 
Yoshida sarcoma, Suzuki (1967) demonstrated a proportional 
increased effect by combining local hyperthermia above 40 C 
for 30 min with nitrogen mustard. Similar increased activity 
at elevated temperatures have been reported in many tumours in 
different animal species given thio-TEPA, melphalan, 
chlorambucil, mitomycin C and cyclophosphamide (Dahl 1986). 
The chloroethyl nitrosoureas are characterized by being 
highly lipid soluble, and by chemical composition in aqueous 
solution, yielding chloroethyl-diazohydroxide and an 
isocyanite group. The former yields the reactive chloroethyl 
carbonium ion which alkylates DNA, and the latter inhibits DNA 
repair by reaction with amine groups in carbamoylation 
reaction. Hahn (1978) demonstrated increased killing at 
higher temperatures in cultured Chinese hamster ovary cells 
when the concentration of BCNU, CCNU and methyl-CCNU was 
corrected for the increased hydrolytic decay at elevated 
temperature. A synergistic effect of heat and ACNU in mouse 
melanoma tumour has also been reported (Yamada et al. 1984). 
Antibiotics, like actinomycin D, interacts with RNA 
synthesis; an action also affected by hyperthermia. In CHO 
cells in culture, a superadditive killing was observed for a 
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short hyperthermic treatments, but then the effect was then 
reduced, probably related to development of resistance 
(Donaldson et ai. 1978 ) . W v o investigation by Yerushalmi 
(1978) showed a prolongation of survival of fibrosarcomas 
bearing mice after combined actinomycin D and local heat 
treatment. 
Antimetabolites are generally analogues that bind and 
inhibit certain cellular reaction. For example, MTX exerts 
its cytotoxic effect by binding tightly to the enzyme 
dihydrofolate reductase and thereby blocking the reduction of 
folic acid which is important in the pathway of synthesis of 
triphospho-thymidine. The antimetabolites, MTX, fluorouracil 
a n d P A L A h a v e
 slightly increased effects at elevated 
temperatures in some cell lines, but as a whole, these drugs 
a r e d e e m e d n o t t o b e
 candidates for combination with 
hyperthermia (Dahl 1986). 
The vinca alkaloids possess cytotoxic activity by virtue 
of their binding to tubulin, and so, they specifically cause 
d a m a g e i n t h e m i t o t i c
 Phase. It has been demonstrated that 
h e a t i n g 3 T 3 C e l l s a t 4 1
 C reversibly disassembles microtubules 
and that atr43!C for 30 min may disrupt microtubule 
organization (Lin et ai. 1982). However, the majority reports 
°
f t M S C
°
m b i n e d
 treatment revealed negative response (Hahn 
1983 ) • 
Thermosensitizers work in such a way that lacks 
cytotoxicity at 37«c 
temperatures in a dose dependent m 
S U r V i V a l C U r V e e x h i b i t s a
 marked threshold when
 s u r v i v a l 
fraction
 i s plotted against alcohol concentration as well as 
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against increasing temperature (Hahn and Li 1982). The two 
agents are exchangeable insofar as the effect on survival is 
concerned, thus indicating a cooperative phenomenon 
responsible for cell death. Using human normal and leukemic 
(CLL) lymphocytes, heating at 42°C with 0.8 % ethanol revealed 
synergism (Schrek and Stefani 1981). 
Clinical experience 
As reviewed in the previous sections, there is a fair 
amount of preclinical data demonstrating that heat enhances 
the efficacy of many of the cytotoxic drugs. However, 
thermochemotherapy is less effective so far, as shown from 
many human clincal studies This discrepancy is mainly due to 
the fact that all the drugs available are of limited 
specificity, and hyperthermia is far from being proven to 
enhance the cytotoxicity of the drugs in a tumour specific 
manner. The majority, of the clinical studies performed so far 
were designed as Phase I studies; with equipment evaluation 
and toxicity assessment as their major goal. Details of the 
number of patients treated by whole body hyperthermic 
thermochemotherapy including their diagnosis, drug and 
dosages, heating method applied and heating criteria are given 
in Table 1.3.3 which is adopted from Engelhardt (1987). 
As can be seen from these data, it is difficult to judge 
the therapeutic value of the methods applied. Of these 
reports, Bull et al. (1979) treated 13 patients with 225 mg 
BCNU/m2 in combination with 4 h whole body hyperthermia at 
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4 1 H Out of 5 objective responses there was only one 
complete remission; hematological toxicity was markedly 
enhanced. Engelhardt et al. (1982) reported 15 patients with 
small cell lung cancer, first treated with adriamycin, 
cyclophosphaamide, oncovin, and combined with 40.5 -41 C whole 
body hyperthermia for 1 h in 3 out of 6 multidrug application 
cycles. The results were: complete remission was 8/15 and 
partial remission was 5/15. The 50 % survival time was 53 
weeks. Some investigators classified their results as being 
"promising" although nobody claimed to have found the "magic 
bullet" in cancer therapy. 
Local hyperthermia in combination with chemotherapy has 
also been performed. Fairman (1982) reported on combined 
treatment in 22 cases of carcinoma of the head and neck. By 
applying adriamycin and bleomycin and 2450 MHz hyperthermia 
for 1 h three times a week, a high response rate (85 %) was 
found. No controls and temperature measurement were performed 
in this case. Another report was published by Moffat et al. 
(1984) treating superficially located head and neck tumours 
with MTX and other chemotherapeutic agents together with 
radiofrequency heating (13.56 MHz). Temperatures ranged 
between 41.5 and 43aC were achieved, lasting 72-120 min. In 
14 patients two complete regressions occurred and 
interestingly, three patients responded to MTX who had 
previously been unresponsive. 
There are many other reports on clinical use of 
hyperthermia together with a wide variety of combinations 
including all the methods of conventional cancer therapy. 
Although some patients may have been palliated, there is no 
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Table 1.3.3 Results of whole body hyperthermia in 
combination with chemotherapy (Engelhardt 





' Tempera- Patients Diagnosis,
 Druff w IZl (n> histology' dosfge … 
: ~ — ^ ~ ^ — 
(1979,1980) tl'i “ 1 0 2 25 lung cancer Cyclophosph- Incomplete 
EC 5 h A ― 2 regression 
\ ^ r g e cel}» 250 mg/m2 in 16/25, 
3 adenocarcinoma, BCNU duration 4-6 
2 small cell 50 mg months 
1 alveolar) ° 
CR, 27 months 
23 gastrointestinal CPDD 2 CR 10 16 
100 g/m2 mentis 
i ^ 7 kxdney cancer 1 CR, 17 months 
2 ovary cancer .,
 w r , , 
11 breast cancer l m ^ t h s 
9 malignant melanoma ‘ 1 CR, 1 month 
..4 sarcoma ‘ ^ - \ 
9 micellaneous 
Yamanaka 41.5°- qa
 Q . u. 
and Kato 42 C I T J T ^ Adriamycin 7 "more than PR" 
(1982,1982) 4-8 h 4 n = 1 3 10 patients alive 
EC 4 kidney cancer 0.5-1.5 mg/kg in NC or PR 
2 lxver cancer or mitomycin 2-8 months 
1 l u n
« cancer ACNU,VCR,VBL 
9 miscellaneous 5-FU, cyclo-
phosphamide 
CPDD 
S ) t Y h C 1 4 c ^ r 0 i n t e S t i n a l 5 NC, survival 
EC T ^ h L , D T I C 2 2-17 months 
\ m e l a n o m a 200 mg/m2 1 NC, survival 
4 miscellaneous cyclophospha- 3-8 months 
mide 300 mg/m2 1 PR, 0.3-13 
months 
(1979^979) 4 ^ 8 ^ I t 6 gastrointestinal adriamycin PR 2/14 
WS a n Cff ' , 60 mg/m2 "objective 
1 malignant melanoma BCNU
 o response" 
2 sarcoma 225 mg/m2 5/13 
1 ovary cancer Me-CCNU . CR 1/13 
1 liver cancer orally 
:.1 adrenal gland :: BCNU 
c a e r
 225 mg/m2 
malignant melanoma 
Engelhardt 40.5 27 c
 omQ,, ,, 
(1979,1982) 41 C 5 smaircell lung Adriamycin CR 3/5 
Dia disease) ^ ^ 60 mg/m2
 P R 2/5 
15 small cell lung VCR/2 mg CR 8/15 
^
n c e r
 (^tensive cyclophospha- PR 5/15 
disease) mide NC 1/15 
t Hodgkin's disease 250 mg/n,2 PD 1/15 
3 m i s c e l l a n e o u s day 2 -5 SR=50 % 
after 53 weeks 
• ‘ 
• . 
“‘ — — _ 
EC, extracorporeal heatingj WS, water suit- Dia, diathermia. 
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w a y o f
 evaluating the treatment results because of the lack of 
controls, the small number and heterogeneity of the patients, 
the great variety of tumours and treatments, and last but not 
least the lack of temperature control• 
• ....... • ...... .... • .1 _ •.. ... . . . 
. • ..., .. - .. • . •,:. : .•. . , . . • • ” • • - . ‘ ‘‘ •• “ “ • ‘ “. .."
 i .'. , ‘ • “ •• . , • • ... ‘ ; . , . . . . . . . . . - ."•. • • 
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IV. Thermotolerance 
Thermotolerance occurs in living cells including human as 
well as tumour cells which can apparently increase their 
thermal resistance during or after an appropriate heat 
treatment. It can be induced in either of the following two 
ways : 
1. It develops during continuous heating over several hours 
at comparatively low temperatures (below 42 C); 
2. It develops by fractionation of heat treatments at 39 to 
43 ° C with the cells incubated at 3 7 0 C in between. 
The first one has been described in the "Type 3" dose 
effect curves for hyperthermic cell killing (Section II.A, 
Fig. 1.2.2). When CHO cells were heated at 42°C for several 
hours, cell survival decreased after short incubation times in 
their first part of the dose effect curves (Dewey et al. 
1977 ) . However, after a longer duration'of incubation, 
survival decreases less than expected and the survival curves 
bend and show a much shallower slope. This phenomenon is 
thought to be a result of thermoresistance. In the second 
case, part of the increased cell survival after fractionated 
heat treatments may be due to recovery, from sublethal damage 
(Hahn 1982). However, it is difficult to distinguish recovery 
from development of thermotolerance, It develops not only 
with respect to cell survival but also with respect to 
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synthesis of biological macroraolecules (Dewey et al. 1977) 
energy metabolism (Lunec and Cresswell 1983) and other 
phenomena. The mechanism of induction and development is not 
yet clear. Li and Hahn (1980) have proposed an operational 
model consisting of 3 phases: 
1. The induction of thermotolerance (trigger) can occur at 
all temperatures above normal growth temperatures. 
2. The expression of thermotolerance (development) generally 
occurs only below 42 C. 
3. Decay of thermotolerance. 
Thermotolerance does not become an inherent property of 
the cells after the induction and expression. It decays after 
some time and the cells return to their original thermal 
sensitivity. In HeLa cells after cell division 
thermotolerance immediately disappeared. However, division 
was not necessary for the decay, as this also occurred in 
plateau phase cells (Gerner et al. 1979), 
Metabolic events during the development of 
thermotolerance 
\ 
Hyperthermia resulted in rapid increase in reduced 
glutathione (GSH) (Mitchell et al. 1983; Russo et al. 1984). 
Intracellular GSH reduction by either diethylmaleate or 
butionine sulfoximine leads to thermosensitization of the 
cells. A positive correlation appeared between the tolerance 
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development and the induction of superoxide dismutase (Loven 
et 1985) . Modification of membrane fluidity has been 
suggested to be involved in the development of thermotolerance 
(Yatvin 1977; Anderson et al. 1981). Also, membrane fluidity 
was also related to the increase of thermosensitivity in E. 
coli (Dennis and Yatyin 1981). However, the same correlation 
was not observed in the mammalian cell line V—79 (Lepock et 
al , 1981). 
Effect of microenvironment on the development of 
thermotolerance was also suggested. Thus, less 
thermotolerance is induced when the pH is lowered (Goldin and 
Leeper 1981 Gerweck et al. 1982) . Furthermore / the decay of 
thermotolerance was slower at low pH. No effect on 
thermotolerance was observed in the presence or absence of 
oxygen (Gerweck and Bascomb 1982 ). 
Production of heat shock proteins 
The occurrence of heat shock proteins (HSPs) after 
hyperthermia has drawn a great deal of attention in relation 
to the thermotolerance phenomenon. * They were found in many 
organisms (Schlesinger et al. 1982) and appears in a wide 
variety of molecular weights, ranging from 22 to 100 kD (Ali 
and Banv 1991) . HSP gene transcription is increased during or 
immediately after heating; later when the non-HSP gene 
transcription recovers to normal levels, the HSP gene 
transcription is progressively switched off (Burdon 1985). 
However, the synthesis of HSPs is also triggered in cells for 
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reasons other than heat shock, such as, the addition of heavy 
metal ions, nonionic detergents, treatment at low pH, 
microbial infection, tissue trauma and genetic lesion 
(Schlesinger 1990; Ha ayama et al. 1991) . The development of 
thermotolerance and synthesis of HSPs has been correlated in 
normal and malignant cells (Burdon et al, 1982 Subjek et al. 
1982; Tomasovic et al. 1984; Schamhart et al. 1984) . The 
synthesis of HSPs is largely reduced by actinomycin D and 
cycloheximide. 
Thermotolerance and HSP synthesis seemed to be so closely 
related that JL,f the severity of the heat treatment was 
increased, both- effects were delayed in the same way (Sciandra 
and Subjek 1984). Thus, Li et al. (1982) observed' a 
comparatively constant level of HSPs and thermotolerance over 
a period of 36 h in plateau phase HA-1 cells. However, the 
phenomenon is not universal. After severe heat treatment some 
HSPs have been synthesized without an increase of 
thermoresistance ( Sciandra and Gerweck 1986), 
In some cases, HSPs were translated from pre-existing 
mRNA, so their synthesis were not inhibited by actinomycin D 
(Reiter and Penman 1983) . HSPs have been found in nuclear 
structures and in association with elements of the 
cytoskeleton. This was deemed important with respect to their 
function and mechanism (Burdon 1985). 
The functions of HSPs have been summarized by Ali and 
Banu (1991) as shown in Table 1.4.1. They are grouped in four 
families according to their molecular sizes. As seen from the 
table, apart from protecting the cells against heat damages, 
they may play a role in the immune system as the first line of 
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Table 1.4.1 Functions of HSPs in the cells (Ali and Banu 
1991) • 
Family Physiological function Role in the Cellular proteins 
' immune system complexed 
HSP 70 Folding and unfolding Immunoglobulin IgG heavy chain 
of proteins, assembly, class II calmodulin, ' 
translocation of antigen processing, microtubules, DNA 
peptides, assembly and antigens of many replication, initiation 
disassembly of pathogens, complex, nuclear 
oligomeric proteins autoimmunity proteins, clathrin 
coated vesicles, SV40 
antigen, prepro-a-
.:- --. .factor . 
HSP 60 Protein folding and Antigens of many Ribulose bisphosphate 
unfolding, assembly of pathogens, carboxylase 
multimeric complexes autoimmunity cytochrome c, 
ATPase, y Phage collars 
HSP 90 Prevention of steroid Tumour resistance, Glucocorticoid 
receptor binding to autoimmunity receptor, tyrosine 
5yrofine kinase, eIF-2 kinase, 
phosphorylation yeast protein kinase-C 
tubulin, actin 
Ubiquitin Protein degradation Antigen processing, Histone, globin, 
autoimmunity platelet derived growth 
factor, lymphocyte 
homing receptors, growth 
hormone receptors 
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defence against certain pathogens, ie. they may play a 
constitutive role. In addition, they are also related to 
autoimmune disease (For review, van Eden et al. 1991). The 
ubiquitous distribution and conservation in structure and 
function of HSPs show clearly their significant contribution 
to molecular events from adoption of native conformation by-
proteins to the removal of their unwanted presence. 
:53 
Scope of study “ 
Hyperthermia affects a wide range of biochemical events 
that take place inside, the cells. The alteration of any one 
function could produce a chain of modification on the overall 
cell functioning . 
Four cell lines have been chosen for this study, 
including mouse Ehrlich ascites tumour (EAT), mouse embryonic 
mesenchymal cells BALB/3T3 clone A31, human U-87 MG and U-373 
MG glioblastoma. This variety of cell lines has provided a 
differential response on the experiments performed. 
EAT cell is a good animal model for studying anti-tumour 
effects in that it can be cultured in vitro or grown in ICR 
mice as ascitic tumour. Thus, the experiments in this project 
have been done mainly on EAT cells. “ A fair amount of work 
concerning the effects of hyperthermia on EAT cells has been 
reported over the past years. Tsumura et al. (1988) have 
found an enhancement of anti-tumour effect on EAT cells in 
vivo with the combination of hyperthermia and 1-
hexylcarbamoyl-5-fluorouracil. Hyperthermia at 42°C in vivo 
in EAT-bearing DDY mice has also been observed to prolong the 
host survival (Hirooka, 1990) . In vitro study has also 
revealed that the hyperthermic inhibition of protein synthesis 
lies on the reversible alteration in the activity of 
components affecting eukaryotic initiation factor elF—2) 
function during heat shock (Panniers and Henshaw 1984). The 
work in our laboratory (Fung et al, 1988) has indicated that 
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incubation of EAT cells at 43 C for as little as h totally 
abolished the transplantability of the tumour and at the same 
time, the extent of thymidine, uridine and leucine 
incorporation were significantly reduced. Kampinga et al. 
(1989) also showed that heat can cause an alteration of 
protein binding to the nucleus in EAT cells that seems to be 
related to the hyperthermic inhibition of 4 - 9 -
acridinylamino) methanesulfon-m~anisidide (mAMSA) induced DNA 
break induction. 
BALB/3T3 has also been employed in this study as a normal 
untransformed cell type, Since hyperthermia affects both 
normal and. tumour tp various-degrees, it would be 
interesting to see if here is any differential response 
between various tumour cells. The use of the two 
glioblastomas have their relevance in clinical hyperthermia. 
Microwave thermotherapy has been extensively used for all 
types of human cancer, including brain tumours. Since the 
prognosis of conventional technique such as surgery, 
radiotherapy or chemotherapy are usually discouraging (Winter 
e t al • 1985 ), thermotherapy on brain tumour was first reported 
by Sutton (1971) who produced some positive results. Invasive 
microwave hyperthermia in treating gliomas in a local hospital 
has also shown promising result (Wen and Dahele 1984). In 
vitro studies on the two glioblastoma cells have also been 
studied by other workers in relation to hyperthermia 
(Raaphorst et al. 1991) . Thus the results in this study could 
be related to and further enrich the relevant literatures. 
The investigation has been concentrated on the functional 
aspects of plasma membrane and nucleus, in particular, the 
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nucleolus. The plasma membrane has been known to be an 
extremely dynamic organelle that helps the cell to communicate 
with the external environment. Many works have shown that 
hyperthermia can affect the composition, fluidity, receptor 
binding, morphology and control of ionic balance (Marcocci and 
Mondovi, 1990). So, to this end, a study on the change in 
sialic acids content in relation to hyperthermia is deemed 
worthwhile since these carbohydrate moieties are known to be 
immunogenic and related to cell fluidity (Mondovi, et al. 
1972; Yogeeswaran and Salk 1981), It is also known that heat 
can cause a drop in intracellular pH in many normal and tumour 
cells where there is a strong correlation between the acidic 
pH and cytotoxicity (Chu and Dewey 1988; Gonzalez—Mendez and 
Hahn 1989). The effect of hyperthermia on intracellular pH 
(pHi) has therefore been measured. The conventional method of 
measuring pHi relies on either using weak acid partitioning, 
14 
such as, C-labelled 5 5-dimethyl oxazolidine,2,4-dione (DMO) 
or fluorescent dye 1,4-diacetoxy-2,3-dicyanobenzene technique 
developed for flow cytometry (Chu and Dewey 1987; Cook and Fox 
198.8b) • With these techniques, there is a considerable time 
lag betwen the end of hyperthermia and incubation for pH. 
. 1 
measurement. Preferentially , the initial changes in p ^ is to 
be measured at the same time when the cells are under 
hyperthermic treatment to insure correct correlation. 
However, only the U-87 MG glioblastoma cells can be tested in 
this way, since the experiment relies on the adhesion of cells 
onto a glass cover slip. Difficulties have been encountered 
with EAT cells which are in suspension and could give 
unreliable results . 
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Hyperthermia has been known to suppress DNA, RNA and 
protein syntheses (Overgaard 1977; Hahn 1982 Fung, et al. 
1988). Furthermore, the existence of heat-sensitive cellular 
functions in the nucleolus which deal with the DNA-dependent 
RNA synthesis was suggested by Simard and Bernhard (1967). 
Exposure of HeLa cells to hyperthermia has been shown to 
result either in the inhibition of replicon initiation and DNA 
replicative elongation or in reduced elongation rate of 
initiated replicons (Warters and Stone 1983 ). Thus, it is 
necessary to study in detail the mechanisms of such 
hyperthermic suppression, The particular studies would, be 
concentrated on the a.cetylation of nuclear proteins and 
binding of monoclonal antibody to a nucleolar protein. Also, 
the behaviour of the nucleolar argyrophilic granules would be 
studied. In relation to the nucleolus where the heat shock 
protein, HSP 72-kD, tends to concentrate during hyperthermia 
(Welch and Feramisco 1984) , its induction and synthesis during 
hyperthermia and recovery period would be scrutinized. 
The above cell lines would be tested for their 
susceptibility towards hypei*thermia and in combination with 
chemotherapeutics in terms of vital dye exclusion (or uptake) 
and labelled precursors incorporation. Finally, the 
application of hyperthermia as a cancer therapeutic modality 
has been investigated using EAT-bearing mice as an in vivo 
model. 
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Materials and Methods 
I. Cytotoxicity test of cells 
in vitro | 
Materials 
A. Culture cell lines 
1. U-8 f m and U-3 7 3 MG 
Both of these cell lines are glioblastoma (astrocytoma), 
grade III and of human origin. They were purchased from 
American Type Culture Collection (ATCC)• 
2 . Ehrlich ascite tumour 
This cell line was purchased from ATCC, named Ehrlich-
Lettre Ascite, strain E of mouse origin. 
3 . BALB/3T 3 c1one . A31 
It is a non-tumorigenic cell line and was also purchased 
from ATCC. This is derived from BALB/c mouse embryos 
possessing many properties similar to 3T3 fibroblasts 
derived from random-bred Swiss-mouse embryos (3T3-Swiss 
albino )• 
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B. Cytotoxicity test reagents 
1. Phosphate buf fered saline (PBS) 
140 mM NaCl, 2. 7 mM KC1, 1.5 mM KH2P04 , 8.1 mM Na2HP 4 and 
adjusted to pH 7.4 
3 
2. [methyl- H] thymidine (77 Ci/mmol) was purchased from 
.' A 
Amersham. The specific activity of H-thymidine was 
diluted to 20 Ci/mmol and at a concentration of 50 jiCi/ml 
with unlabelled thymidine in PBS. 
3 . 
3. [5- H] uridine (30 Ci/mmol) was purchased from Amersham 
and diluted to 50 iiGi/ml with PBS. 
u 
4. L-[U- C] leucine (322 mCi/mmol) was purchased from 
Amersham and diluted to 5 iiCi/ml with PBS. 
5. Scintillation fluid 
6 g of PPO and 0.6 g POPOP were dissolved in 1 litre 
toluene . 
6• Trypan blue 
0.3 % trypan blue in phosphate buffered saline at pH 7.2• 
7. Trypsin solution 
0.25% trypsin with 0.025 % EDTA solution at pH 7.2. 
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Methods 
^^ H^ j 
A. Culture maintainance 
. • 
‘ “ “ j 
In the study of hyperthermic effects, several cell lines 
have been chosen. These included glioblastoma cells U-87 MG 
and U-373 MG, Ehrlieh ascite tumour cells (EAT) and a mouse 
embryo cell line, BALB/3T3 clone A31. Detailed descriptions 
are given as in the Materials, Cells were cultured in RPMI 
164.0 (Sigma) medium supplemented' with 24 mM sodium 
bicarbonate, 10 % feotal bovine serum (Gibco ), 100 U/ml 
penicillin and 100 iig/ml streptomycin (Gibco). In case of EAT 
cells cultured in vitro, the feotal bovine serum was heat-
inactivated at 56 C for 30 min before adding to the medium. 
The culture medium was changed every, 3 to 4 days and cells 
were subcultured as soon as they became confluent. For EAT 
cells, subculture was done by simple dilution since they were 
in suspension. For the rest of the cell lines which were 
anchorage dependent, they were trypsinized in 0.25 % trypsin 
(with 0.02 % EDTA, Gibco) for 3 to 5 min at 37 C during 
harvesting . 
B, Cytotoxicity tests 
Trypan blue stain was utilised to provide a simple and 
fast way of estimating cytotoxicity of hyperthermic treatment. 
This was done by mixing an equal volume of 0.3 % trypan blue 
with the cell suspension and surviving cells were counted in a 
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hemocytometer under microscopy. For anchorage-dependent 
cells, namely U-87 MG, U-373 MG and BALB/3T3, cells seeded in 
test tubes were trypsinized by trypsin solution for 5 min at 
37 C. Equal volume of culture medium was added before the 
addition of trypan blue. 
After hyperthermic treatment, the cells were assayed for 
its ability to synthesize DNA, RNA and proteins using 
corresponding labelled precursors according to the method of 
Fung et al. (1978) . During the experiment, 10 yl of the 
radioactive precursor was added to 0.1 ml cells (105 cells) in 
culture medium. The cells were seeded in capped culture tubes 
(75 x 12 
mm) • They were then, incubated in a humidified 5 % CO« 
incubator at 37 C for 2 h in cases of 3H-thymidine and 3H-
uridine incorporation and 3 h for 14C-leucine incorporation. 
The reaction was stopped by the addition of 1 ml 5 % cold 
trichloroacetic acid (TCA) which contained either 1 mM 
unlabelled thymidine or uridine, or 0.1 M unlabelled L-
leucine. The mixture was left in ice for 30 min. They were 
then sonicated for 20 sec. The TCA precipitate was filtered 
and washed 3 times each with 3 ml cold TCA in a 25 mm GF/C 
glass fiber filter. This was followed by 2 washes with 4 ml 
cold 95 % ethanol. The filters were dried overnight at room 
temperature. The radioactivity of the filters were counted in 
vials containing 3 ml scintillation fluid in a Beckman LS1801 
counter. Statistical analysis was performed in this and all 
other experiments where appropriate with Students' t test for 
their significance. 
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II• Whole body hyperthermia 
on Ehrlich ascite tumour (EAT)- | 
• " • 
bearing mice | 
, • v' V :. - . '. .1 
Methods 
This experiment was carried out using non-inbred ICR mice 
which were obtained from the Animal House, The Chinese 
University of Hong Kong. EAT cells were passed routinely by 
• • 7 
injecting 10 cells into each mouse intraperitoneally (i,p.) 
and harvested seven days after inoculation. Before the 
hyperthermic treatment, mice were killed and EAT cells were 
harvested and washed 3 times with phosphate buffered saline 
(PBS) at pH 7.4. Each mouse," weighing 35 g (5 to 5| weeks 
old), received an i .p. injection of 106 cells in 0.2 ml PBS on 
Day 
zero. Whole body hyperthermia was performed on either Day 
2 3 or 4. In some cases, mice were treated on Day 2 and 4. 
In another set of experiment, the mice received a pretreatment 
of hyperthermia 3 days before the EAT cell inoculation. 
Whole body hyperthermia 
Each EAT-bearing mouse was inserted into a 50-ml 
plastic tube (Falcon) and capped as shown in Fig. 2.2.1. This 
I • "I 
[ ^ ¾ J 
was achieved by briefly anaesthetized the mouse with ether. 
Inside the tube, the mouse was confined to an upright position 
with little space to move around. It was allowed to breathe 
through a slot of 4 x 20 mm cut out in the cap. A total of 42 
tubes containing mice were put into a rack which was placed 
into a circulating waterbath (Haake W19) at 38•5 C. The level 
- •' . i 
of water was adjusted to 15 mm below the top of the tubes. To 
monitor the internal body temperature of the mice, one of them 
was inserted with a thermistor probe (YSI 402) into the 
. . . ' . 
rectum. The lead of the probe was connected to a YSI Tele-
thermometer (Model 43TF) which had a scale range from 35 to 
46 ° C; It was then connected to an LKB 2210 1 channel chart 
recorder. This measuring device could detect a temperature 
...I . ^ H 
fluctuation of 0.05 ° C. In the actual experiment, it took 
about 16 to 19 min to get to the desired hyperthermic 
temperature. The rectal temperature of the mice was kept at 
40.5 0.2 C for one hour. This could be achieved by-
heating up the water in the bath or adding in cool water. At 
the end of the experiment, the mice were taken out and allow 
to recover and The effect of- the. -treatment to their 
survival was then compared with the control group which also 
had inhaled ether briefly but without hyperthermia. 
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Figure 2.2.1 Device for trapping the mouse during 
hyperthermia 
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III• Combination of hyperthermia 
an 
— . . . 
Materials j 
1. Phosphate buffered saline (PBS) at pH 7.2. 
2. 0.1 % neutral red dissolved in PBS and filtered just 
before use. 
3 . 1 % sodium dodecyl sulphate (SDS) 
Methods j 
Hyperthermia and drug treatment 
U-87 MG and U-373 MG cells were seeded in 96-well plates 
at 1.5 x 10 cells in 0•1 ml culture medium and incubated in 5 
% CO- at 37 C overnight. The medium was replaced by fresh RPMI 
1640 supplemented with 10 % feotal bovine serum but contained 
no antibiotics. The drugs used were puromycin, actinomycin D 
and methotrexate (MTX) mixed with the medium and added to each 
well just before hyperthermic treatment. The plates were 
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gassed with 5 % C
 2 95 % air and sealed in plastic bags. The ! 
bags were laid on a 43 C water bath for 6 h treatment. To 
avoid the loss of water from the culture medium due to 
vaporization, a moist cotton wool was left inside each bag to 
create an humidified atmosphere. After treatment, the plates 
were left in a 5 % C02. for another 18 h in the presence of the 
drugs before neutral red cytotoxicity assay was performed. 
Neutral red uptake 
This procedure was based upon the method of Fiennes et al 
(1987) with slight modification. The treated cells in the 
—— . ‘.-• .— 
wells of the culture plates were washed twice with PBS. Fifty 
ill of freshly filtered neutral red solution was added into 
each well and incubated at room temperature for 1 h. At the 
end, the plates were observed under microscope to check if the 
dye precipitated out of the PBS, This precipitation happened 
... • .... ‘ . . .
:
. …. . 
occassionally during incubation; especially if the plate was 
incubated at 3 7 a Qt The experiment wauld: only be continued if 
... •. .•” ..•:• • .-•',.‘• .... .:, - ' .. - ‘ ‘ -
no precipitation occurred. The plates were washed twice with 
PBS and 100 ill of 1 % SDS was added into each well to lyse the 
cells. The plates were shaked for 2 h in a plate shaker 
(Titertek from Flow Laboratories) and absorbance at 540 nm was 
measured by an ELISA plate reader (Biored 3550 microplate 
reader), Each test was performed in triplicates. 
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IV. Measurement of Intracellular pH 
Materials 
1• Fluorescent probe , BGECF/AM 
2 7,-bis(carboxyethyl)-5(6)-carboxyfluorescein -
pentaacetoxyme hyl ester (BCECF/AM) purchased from 
Calbiochem was dissolved in dimethyl sulfoxide (DMSO) at 
2 mM and stored. at -20 C as stock solution, 
2. Incubation medium 
Incubation medium consisted of 140 mM NaCl, 5 mM KC1 2 
inM CaCl2, 1 mM MgSO^ , 1 mM NagHPO^ , 25 mM HEPES, 0.5 mg/ml 
bovine serum albumin and 20 mM NaHCO^ and adjusted to pH 
7.2 
3. Calibration medium 
It consisted'of 5 mM NaCl, 140 mM KC1, 2 mM CaCl0, 1 mM 
MgSO” 1 mM Na2HP04, 25 mM HEPES, 0.5 mg/ml bovine serum 
albumin, 20 mM NaHC
 3 and 10 iig/ml nigericin and adjusted 
to either pH 7.2, 7.0 or 6.8. An aliquot of stock 
solution of nigericin at 5 mg/ml in ethanol was added to 
the medium when used. 
4. Amiloride 
Purchased from Sigma and a stock of 0.5 M was made in 
DMSO and stored at '20°C until use. 
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Methods 
Measurement of intracellular pH 
. J 
The intracellular pH was measured by a fluorometric 
method using 2',7'-bis(carboxyethyl)-5(6)-carboxyfluoreseein-
pent aacetoxyme thy 1 ester (BCECF/AM) fluorescent probe with an 
‘ 
excitation wavelength 500 nm and emission at 530 nm (Daniel 
and Ives, 1987). U-87 MG glioblastoma cells were used for 
this experiment, In this case, it required the cells to 
attach onto a glass cover slip. The EAT cells were not tested 
because it was in suspension, where stirring of cells causes 
leakage of the BCECF probe into the solution. 
During the experiment, U-87 MG cells were seeded on glass 
slips of size 18 x 11.5 mm and allowed to grow in culture 
medium for 24 h. The glass slips containing monolayer cells 
were then washed 3 times in the incubation medium. The cells 
were loaded with 4 iiM BCECF/AM for 20 min at 37'C. The glass 
slip was washed twice with the incubation medium and then 
mounted in an 1 x 1 cm quartz cuvette at a 60° angle to the 
incidence light. The cuvette, containing 2 ml incubation 
medium, was placed inside the fluorescence spectrophotometer 
(Hitachi 650-10M) chamber whose temperature was controlled by 
a water jacket connected to an external circulating water 
bath. In some experiments, the bicarbonate was excluded from 
the medium. A thermister probe was immersed into the medium 
• [ . for temperature measurement. Fluorescence (excitation 500 nm, 
. - … 
emission 530 nm) was measured simultaneously with temperature 
. - • -
… • I 
• 8 
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change and recorded on a Graphtec SR6211 dual channel 
recorder. To calibrate the intracellular pH to the dye 1 
response, the cells were incubated with the incubation medium 
to obtain a steady fluorescence intensity. The medium was 
replaced by he calibration medium containing 140 mM KC1, 5 mM 
NaCl and 10 yg/ml nigericin. The fluorescence was then 
measured under each known pH of 7.2, 7.0 and 6.8. Under these 
conditions, the intracellular pH was equal to the 
extracellular pH (Thomas et al., 1979). 
I I i i i l l 
Heating procedure and temperature measurement 
Rapid heating and cooling of the incubation medium inside 
cuvette was achieved by an external refrigerated circulating 
water bath RTE—4 from Neslab. The rate of increase from 37 C 
was l C/min and the decrease from 43 C was 0.8oC/min. An YS 
Type 402 thermister probe immersed into the medium was used 
for temperature measurement. It was connected to a YSI Model 
43 Tele-thermometer with a range from 35 ° to 46 C/ The 
fluctuation of the incubation temperature could be adjusted 
manually to less than 0.2 C during heating and cooling. 
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Incorporation of thymidine into DNA 
Cells were seeded in culture tubes 24 h before heat 
. . . . . .I 
treatment under various pH's or in the presence of amiloride. 
After hyperthermia, the cells were incubated in RPMI 1640 with 
10 % FCS for another 24 h before the thymidine incorporation 
assay was performed. Details of the procedure were described 
in Section I of the Materials and Methods. 
I. 
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1, o.2 M sodium periodate (meta) in 9 M phosphoric acid, 
& 
2
 * 10 % sodium arsenite in 0.5 M sodium sulphate solution. 
3. 0,6 % 2-thiobarbituric acid in 0.5 M sodium sulphate 
solution. 
4 . Neuraminidase ,' 
Neuraminidase Type X (Cat, no. N-2133) extracted from 
Clostridium perfringens was purchased from Sigma Chemical 
Company. The enzyme was reconstituted to 4 Units/ml in 
distilled water and stored at _20 C until use. 
5, Digestion buffer 
This buffer consisted of 150 mM NaCl, 0.5 mM MgCl2, 0.1 mM 
CaCl2 and 10 mM HEPES and adjusted to pH 6.6 with 5 M KOH 
solution. 
6. HPLC buffer system 
Buffer used for HPLC analysis of thiobarbituric acid 
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(TBA) chromophore was a 2X stock buffer consisted of 2.35 
ml phosphoric acid (85 %), 28.1 g sodium perchlorate in 1 
litre distilled water. The working buffer consisting of 
wa,ter: methanol: 2X stock buffer in a ratio of 2:3:5 was 
prepared, filtered and degassed daily. The column was 
washed extensively with 50 % acetonitrile before and 
after the analysis. 
7. N-acetylneuraminic acid used as standard was purchased 
from Sigma. 
Methods | 
Surface sialic acids in EAT cells were determined before 
and after hyperthermic treatment in vitro at 41 and 43 C for 
2 or 4 h. EAT cells were routinely passed in 5 to 5| weeks 
old ICR mice (weighing 35 g) and harvested 7 days after an 
» . c 
I.P. injection of 1 x 10 /mouse. The cells were washed 3 times 
in PBS at pH 7.4 and finally resuspended in RPMI 1640 culture 
C 
medium at 5 x lOVml. The cells were incubated at 37 41 or 
43 C in an atmosphere of 5 % CO? 95 % air. At a specific time, 
1.0 ml of cells was taken into a 1.5 ml conical polypropylene 
tube, centrifuged and then resuspended in 0.5 ml digestion 
buffer. Neuraminidase digestion was performed at 37 C for 50 
- • I 
min after the addition of 5 pi stock neuraminidase. At the 
same time, "no enzyme" controls were done in parallel, Prior 
:73 
experiments demonstrated that digestion reached completion 
under these conditions. Digestions were terminated by rapid 
separation of cells by centrifugation. An aliquot of 0.4 ml 
supernatant was pipetted into a new polypropylene tube and 
frozen at -70°C overnight. It was lyophilized with Unitrap II 
(Virtis) in a Speed Vac concentrator (Savant SVC200H) and 
stored at -70 C until analysis. Total cellular sialic acid 
was also determined in some cases by hydrolyzing cell pellets 
6 
(5 x 10 /ml) with 0,1 N H2S04 for 1 h at 80 C to free the bound 
sialic acids (Warren 1963). The samples were lyophilized 
afterwards in the same way. 
Thiobarbituric acid (TBA) assay 
The assay for sialic acids was performed essentially as 
described by Warren (1959, 1963). Each sample was first 
dissolved in 40 ul of water, followed by 20 pi of 0.2 M sodium 
periodate solution. After 20 min at room temperature, 0.2 ml 
10 % sodium arsenite solution was added slowly. Upon the 
appearance of the yellow-brown colour, the tubes were gently 
vortexed to complete the reduction reaction. The arsenite 
addition had to be very slow, otherwise, no yellow-brown 
complex could be seen, and no positive TBA reaction was 
obtained (Powell and Hart 1986) . After 2 min, the tubes were 
vortexed again to assure the complete discharge of yellow-
brown colour. An aliquot of 0.6 ml of 0.6 % 2-thiobarbituric 
acid solution was added and the tubes were capped (the tops 
were pierced with a needle) and put into a boiling water bath 
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for exactly 15 min. The tubes were cooled in running water 
for 5 min. The samples were centrifuged at 10,000 g for 10 
min and filtered through millipore filter of 0.2 um pore size. 
They w^re hen analyzed for the resultant TBA chromophore with 
HPLC • 
Quantitation with HPLC 
The method for measuring the sialic acids after the TBA 
assay was adopted from Powell and Hart (1986) . HPLC analysis 
was performed on a Clg reverse phase column (8 ym resin, 250 x 
4.6 mm) connected to two LKB 2248-010 HPLC Pumps. The 
absorbance at 549 nm was monitored with a LKB 2141 Variable 
wavelength monitor (6.5 mm path length) using air as 
reference. The injection volume was 200 pi containing roughly 
0.5 nmol N-acetylneuraminic acid. The flow rate was adjusted 
to 0.7 ml/min which created a back pressure of about 3.5 MPa. 
The signal was recorded in a LKB 1-channel recorder. The 
amount of sialic acids as expressed in an equivalent amount of 
N-acetylneuraminic acid was obtained by,reacting known amount 
of N-acetylneuraminic acid with the TBA reagent in the same 
wa
-y and analyzed together with the unknown samples. The area 
corresponding o the TBA chromophore was cut out and weighed. 
. . , . . . -
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VI. Assays for nucleolar proteins 
Materials 
1. Anti-B23 nucleolar protein monoclonal antibody (Chan et 
1 9 8 8 ) w a s k i ndl y given by Dr. P.K. Chan of Department 
o f
 Pharmacology, Baylor College of Medicine, Texas, 
U.S.A.. The antibody recognized only protein B23 in 
t o t a l H e L a c e l 1
 extracts, was diluted 40 times to 3,4 
mg/ml PBS before use, 
2
' FITC—conjugated goat anti-mouse IgG 
The antibody was purchased from Antibodies Incorporated 
(U.S,A.) and diluted 20 times to 1 mg/ml PBS before use. 
3. Carnoy's mixture . 
Consisted of methanol and glacial acetic acid in the 
ratio of 3:1 
4. Silver nitrate solution, AgN03 in" 1 g/ml 
5
' Formaldehyde/silver nitrate solution 
3 7 %
 formaldehyde containing 10 % methanol was freshly 
mixed with 1 g/ml of AgN
 3 in 1:1 when use. 
• . I I 
6. May Grunwald solution 
Contained 1.6 g eosin-methylene blue per litre methanol, 




EAT cells were incubated under an atmosphere of 5 % C09 
and 95 % air in RPMI 1640 medium at pH 7.4 in rubber-capped 
test tubes• Cell concentration was adjusted to 1 x 105/ml in 
each tube. These cell preparations were treated at 37 41 
and 43 C for 2 or 4 h. At the end of the incubation, 0.4 ml 
cell suspension was taken ou and cytocentrifuged onto a clean 
slide. The slides were taken for B23 immuriofluorescence 
assay. 
For U-87 MG and U-373 MG glioblastoma cells, they were 
seeded onto clean glass slides in a 100 mm culture dish and 
allowed to grow into monolayer overnight, During experiment, 
the medium in the dishes were replaced by 20 ml RPMI 1640 at 
pH 7.4. They were placed inside sealable plastic bags which 
was filled with 5 % C02 and 95 % air. A moist cotton wool was 
also left in-the bag to create a humid atmosphere. The bags 
were laid on the surface of water bath set at either 37 41 
and 43 °C. After treated for either 3 or 6 h, the slides were 
taken out and washed in PBS before proceeded to B23 
immunofluorescence detection. 
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B23 immunofl uorescence assay-
Slides containing EAT cells, U-87 MG and U-373 MG 
glioblastoma cells were fixed immediately after hyperthermic 
treatment. They were immersed in 2 % p-formaldehyde in PBS 
for 20 min at room temperature, and then washed in PBS three 
times at 5 min each with gentle shaking. The cells were then 
permeated in acetone at _20 C for 3 min, rinsed briefly 4 
times in PBS and blown dry with cool air. 
The procedure for immunofluorescence determination was 
essentially the same as described by Chan et al. (1987). 
Briefly, 40 pi diluted antibody on protein B23 was applied 
onto each slide which was incubated in a moist box at 4 C 
overnight. PBS was applied onto the control slides to 
determine if there was any unspecific background fluorescence. 
After incubated with the first antibody, the slides were 
washed 4 times in PBS, 15 min each with gentle shaking. After 
blown dry with cool air, diluted FITC-conjugated IgG was 
applied onto the slides and incubated at room temperature for 
1 h in a moist box* At the end, the slides were washed 4 
times with PBS, blown dry and mounted in 50 % glycerol in PBS 
(pH 9). The fluorescence was observed under a fluorescence 
microscope. 
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Silver staining of nucleolar granules 
EAT cells treated at 43 C for 1 h were taken for silver 
staining. The staining procedure was adopted from Busch et 
a l t
 ( 1 9 7 9), Briefly, the cells were fixed in Carney's mixture 
for 10 min and then washed with water and dried. The cell 
smear was covered with 50 jil silver nitrate solution for 6 
min. The AgN03 was then drained off and cells were covered 
with 50 pi formaldedyde/AgN03 solution for 3 to 5 min at 40 to 
50 C warm plate. The slides were washed with running water 
and then stained with May Grunwald solution for 1 min. They 
were washed again with water and dried Cells were then 
examined on a light microscope under oil immersion. The 
number of argyrophilic granules in each cell nucleus was 
scored. 
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VII• Acetylation of nuclear proteins 
A, Experimental protocol 
Materials and Methods 
This was a study on the effect of hyperthermia on 
acetylation of histories and non—histories in EAT cells in vivo. 
EAT bearing mice were heat treated to acquire a rectal 
temperature of 40.5 to 41 C for 1 h four days after EAT cells 
inoculation at 1 x 10 cells/mouse intraperitoneally. Details 
of the heating procedure for the EAT-bearing mice was the same 
as described in Section II of the Materials and Methods. 
Immediately after heat treatment, [3H]acetic acid, Na+ salt 
(Amersham, specific activity = 2.18 Ci/mmol) was injected into 
both treated and control mice (EAT-bearing mice without 
heating) i•p. at a concentration of 5 mCi/mouse. The mice 
were sacrified 30 min after and EAT cells were washed out with 
cold PBS. Isolation of histories and nuclear acidic proteins 
were performed thereafter. The acetylation was also done one 
day after the heat treatment. 
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B, Isolation of histories 
Materials 
. . . . . 
1. Phosphate buffered saline (PBS), pH 7.4 
2. Solution A 
2 mM EDTA + 1 mM phenylmethylsulfonylfluoride ..(PMSF) at 
pH 8.0. A stock solution of PMSF at 1 M in dimethyl 
sulfoxide was prepared. PMSF was added to EDTA solution 
just before use, 
3• Solution B 
The solution consisted of 0.22 M sucrose, 10 mM Tris-HCl, 
10 mM MgCl2, 2 mM EDTA, 10 mM 2-mercaptoethanol, 1 mM PMSF 
at pH 8.0 (1 M PMSF stock solution in DMSO was added 
just prior to use). 
4. Tris-HCl buffered saline 
0.14 M NaCl + 10 mM Tris-HCl at pH 7.4. 
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Methods 
Preparation of nuclei 
The isolation of EAT nuclei was based on the method of 
Mamaril et al• (1970) . All the materials were kept at 4 C 
throughout the entire procedure. Approximately, 5 x 108 EAT 
cells were washed with PBS twice and resuspended in 24 volumes 
of Solution A. This was followed immediately by 
..-« •...,,.. 
cen rifug'atio^i: at. 500 g at 4 C for 10 min. The cell pellet 
•'.. • v ‘ .. . . . . . . . . . . • . . ‘ 
was resuspended with 12 volumes of Solution A and allowed to 
stand for 10 min before homogenized in a mortal and pestle 
with 15 strokes, The broken cells were mixed with an equal 
volume of Solution B and then centrifuged a 600 g for 10 min. 
The pellet was washed once with Solution B, centrifuged as 
before to obtain the nuclei. 
Precipitation of histories 
H “ . 
‘..‘It- "". - ""A, . . .*- ' ' , - ' . . . ‘ - ' ' . p 
The procedure was adopted from Teng et al. (1971). 
Briefly, nuclei pellet obtained above was extracted for 
soluble proteins with 2 ml Tris-HCl buffered saline and 
homogenized briefly. Another 2 ml of Tris-HCl buffered saline 
was added and centrifuged at 10,000 g for 5 min. This 
extraction was performed a second time before the final pellet 
was mixed with 3 ml 0.25 N HC1 and standed at 4 C for 60 min. 
It was centrifuged at 10,000 x g for 20 min to remove 
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extracted protein precipitate. The acid extraction was 
repeated once. The two acid supernatants were combined and 
mixed with 10 volumes of ice cold acetone for overnight 
precipitation of histones. The histone precipitate was washed 
once with cold acetone and dried by blowing with a stream of 
nitrogen gas at room temperature. Finally, the histones was 
dissolved in 0.9 N acetic acid for acid-urea gel 
electrophoresis. A small aliquot of this histone was 
neutralised with NaOH and tested for protein concentration by 
a modified method of Lowry. 
C, Isolation of nuclear acidic proteins 
Materials 
1. Chloroform/methanol 1:1 (v/v) containing 0.2 N HC1 
2. Chloroform/methanol 2:1 (v/v) containing 0.2 N HC1 
3. TEM buffer 
It consisted of 0•1 M Tris-HCl, 0.01 M EDTA and 0.14 M 2-
mercaptoethanoi at pH 8.4, 
4• Dialysing buffer 
It contained 0.01 M sodium phosphate, 0.1 % sodium 
dodecyl sulphate, 0.1 M 2-mercaptoethanol and 0.25 M 
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sucrose and adjusted to pH 7.2. 
Methods 
The procedure was based upon a phenol extraction method 
of Lestourgeon and Wray (1974).‘ After extraction of histone 
with 0.25 N HC1, the nuclear pellet was extracted with 2 ml 




 HC1. The mixture was centrifuged at 10,000 x g for 5 
min and the pellet was extracted again with 2 ml (or 10 
volumes) of 2:1 chloroform/methanol containing 0.2 N HC1• It 
was cen rifuged again as before and the pellet was finally 
washed with 4 ml (or 20 volumes) diethyl ether. After 
centrifugation as before, the pellet was resuspended in 1.5 ml 
TEM buffer with equal volume of phenol (saturated with TEM 
buffer) and homogenised briefly. The mixture was allowed to 
stand at 4 C for 30 min with intermittent vortexing. It was 
then centrifuged at 12,000 x g for 10 min. The upper aqueous 
phase was re-extracted with an equal volume of saturated 
phenol and contrifuged as before. The combined phenol phase 
was centrifuged at 16,000 x g for 20 min. The phenol phase 
was collected and dialysed against 500 volumes of the sample 
buffer (dialysing buffer) three times at room temperature. To 
estimate for he protein concentration, an aliquot (0.2 ml) of 
phenol was mixed with 0.6 ml 0•08 N NaOH and dialysed against 
500 volumes of 0.08 N NaOH five times. This dialysed sample 
was measured for protein with the method of Lowry et al. 
(1951). 
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D, Acid-urea gel electrophoresis 
Materials 
1• Solution A 
40 % acrylamide (w/v) + 0.4 % NW-bisacirlamide (N N,_ 
methylenediacrylamide) in distilled water. 
2 . Solut ion B 
43.2 % (w/v) glacial acetic acid + 4 % N,N,N N _ 
tetramethylethylene-diamine (TEMED) (w/v) in distilled 
• water. 
3. Electrophoretic buffer 
0.9 N acetic acid. 
4. Staining solution 
0.1 % Coomassie blue R-250 in 25 % methanol and 10 % 
acetic acid in water (v/v/v). 
5. Destaining solution 




This procedure was. adopted from Panyim and Chalkley 
(1969) for histone separation. The hardware was a home-made 
vertical slab gel apparatus similar to the vertical, 
adjustable height slab gel electrophoresis unit from Sigma, 
Ten ml of Solution A was mixed with 5 inl Solution B. Urea was 
added (19.219 g) and the final volume was made up to 35 ml to 
give a final- concentration of 8 M urea. The solution required 
a warm water bath to dissolve the urea. I
 w a s then filtered 
through a Whatman filter paper and degassed by suction. The 
solution was mixed with freshly prepared 1 % ammonium 
persulphate (w/v) in a ratio of 7:1 and casted into the 
vertical gel glass plates of sizes 15 x 13 x 0.11 cm (h x w x 
d) with comb to form wells of sizes 2 x 0.7 x 0,11 cm (h x w x 
d). .., . ,.. 
Electrophoresis 
The gel was pre-electrophoresed overnight (Bio—Rad model 
500/200 power supply) at a constant current of 6 mA to remove 
all charged species other than protons and acetate anions. 
The sample which was dissolved in 0.9 N acetic acid was mixed 
with 40 % sucrose (3:1) before applied into the sample wells. 
The sample volume was adjusted to 20 ul containing 100 ug 
proteins. Electrophoresis was carried out at a constant 
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current of 8 mA (produced a voltage of around 150 V) for 8 h 
with anode at the top. This low current was necessary in 
o r d e r t o k e eP the heating effect to a minimum, since the 
apparatus was not equipped with a cooling device. The gel was 
fixed in the destaining solution overnight. Staining was 
performed at 37 C for 2 h. Destaining was carried out at room 
temperature and assisted with the addition of mixed bed resin 
A G
 501—X8 (Bio-Rad) to absorb the excess stain in the 
destaining solution. The gel was scanned in a LKB 2202 
Ultroscan Laser Densitometer at 632.8 nm before processed for 
fluorography. 
E, SDS-PAGE for acidic proteins 
Materials 
Sample buffer 
0.01 M sodium phosphate 
••14 M 2—mercaptoe hanol 
0.1 % SDS 
0.25 M sucrose (pH 7,2) 
Electrophoretic buffer 
0.025 M Tris 
0.192 M glycine 
0.1 % SDS (pH 8.3) 
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Stacking gel 
3 % acrylamide 
0.125 M Tris 
%
 SDS (pH 6.8) 
Separating gel 
9 % acrylamide 
0.375 M Tris 
0.1 % SDS (pH 8.8) 
Stock Solutions 
1. Solution A - 18,17 g Trizma Base, 4 ml 10 % SDS 
adjusted to pH 8,8 with conc• HC1 and made 
up to 100 ml 
2. Solution B - 2.4 g acrylamide, 0.064 g N,N'-methylene 
diacrylamide and made up to 8 ml. 
3. Solution C - 3 . 0 3 g Trizma Base, 2 mllO % SDS adjusted 
to pH 6.8 with conc. HC1 and made up to 50 
ml. 
4
* Solution D 10 % ammonium persulfate (w/v), freshly 
prepared. 




Preparation of gel 
The method was adopted from Laemmli (1970) . The vertical 
gel slab apparatus was the same as described for Acid-urea 
PAGE. The gel system in this case, however, was a 
discon inuous SDS-PAGE. To prepare separating gel, 10.8 ml 
distilled water was mixed with 6 ml Solution A and 7 ml 
Solution B. It was filtered and deaerated. The gel was 
casted into the vertical gel glass plates of sizes 15 x 13 x 
0.11 cm (h x w x d) after the addition of 6 yl TEMED and 72 yl 
10 % ammonium persulfate A layer of water saturated butan-1-
ol was laid on the top to assist the forma ion of a straight 
line interphase . After the separating gel was set, the 
stacking gel was made by mixing 5.2 ml distilled water with 2 
ml Solution C and 0.8 ml Solu ion B/ It was filtered and 
deaerated. The gel was casted after the addition 6 yl TEMED 
and 24 pi 10 % ammonium persulfate with comb to form wells of 
sizes 2 x 0* 7 X 0.11 cm "(h x w x d), 
Electrophoresis 
Samples were prepared by the addition of bromophenol blue 
and sucrose (10 % final concentration) and heated in boiling 
water for 5 min. After all samples were laid into wells, 
electrophoresis was started (with cathode on the top) at a 
constant current of 8 mA for 2 h. The current was changed to 
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12 mA and allowed to run until the bromophenol dye reached to 
the bottom (approximately 6 h). The staining, destaining and 
quantitative scanning of gels were performed as described for 
acid-urea PAGE . 
F, Fluorography of polyacrylamide gels 
Materials and Methods 
0 
The procedure for detecting the [ H]-labelled acetylation 
of various proteins separated in PAGE was performed according 
to the method of Bonner and Laskey (1974) with some 
modifications, After the Goomassie staining, the gel was 
soaked in 20 times its volume of dimethyl sulphoxide (DMSO) 
twice, 30 min on each occassion. The gel was transferred to 4 
volumes of 20 % (w/w) PPO in DMSO and equilibrated for 3 h to 
allow the impregnation of PPO into the gel. The PPO solution 
was freshly prepared in warm DMSO (300 to 35 C). The 
incubation was carried out at these warm temperatures with 
gentle shaking. This would avoid the precipitation of PPO 
during incubation. The gel was then immersed in no less than 
20 volumes of water for 1 h, with 2 changes of water within 
the hour. The gel was dried in a sandwich of cling film and 
Whatman chromatography paper. First, the cling film was 
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allowed to wrap round a glass plate of size larger than the 
gel. The gel was laid on the top. It was covered with a 
chromatography paper cut to its size. Finally, the whole 
sandwich was wrapped round by a wet cellophane-like sheet 
bought from a local store. The sheet was porous, allowing 
water to vapourize from the gel when left at room temperature 
for 2 days. Alternatively, the sandwich could be dried in an 
oven at 60 ° C overnight. 
The dried gel would stick to the chromatography paper, 
but readily detached from the cling film. The gel was made in 
direct contact with a pre-flashed Kodak "X-Omat" film and 
exposed at -70 °C for 40 days. Pre-flashing was done on the 
film by a small photographic flash light filterd with two No. 
1 Whatman filter papers and a stack of orange-yellow filters. 
The amount of light allowed for exposure was adjusted by the 
number of orange-yellow filters so as to give a background 
absorbance of 0.1 to 0.15 units at 540 nm• It has been 
suggested that the pre-flashing is necessary in order to 
obtain a linear relationship between the intensity of film 
darkening and radioactivity of the source (Laskey and Mills, 
1975). The bands obtained on the film were quantified by 
scanning in the gel at 632.8 nm. 
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G, Lowry test for proteins | 
Materials 
1• Reagent C 
This was mixed up freshly each time when use from 3 stock 
solutions: Solution A - 2 % Na2C 3 in 0.1 N NaOH 
Solution B| - 1 % CuSOi 
Solution B2 - 2 % sodium potassium tartrate 
mixed A, B! and B2 in the ratio of 100 : 1 : 1 
2. Folin Reagent 
Folin—Giocailteu's phenol reagent was diluted 2x before 
use • 
3. Protein standard - 0.3 mg BSA/ ml 
Methods 
One ml of Reagent C was mixed with 0.2 ml sample, 
standard or water blank and allowed to stand at room 
temperature for 10 min. 0.1 ml Folin Reagent was added and 
vortexed, and left at room temperature for 30 min before 
reading the absorbance at 650 nm against reagent blank. 
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VIII- Detection of 72-kD heat ij 
shock protein 
A, Immmofkoresceiice assay I 
Materials ] 
1. FITC-anti-mouse IgG 
Hi-fluorescent goat anti-mouse globulin was obtained 
from Antibodies Incorporated (U.S.A) and diluted 40 times 
with PBS when use. 
2. Monoclonal anti-72kD heat shock protein (HSP) 
Purchased from Amersham, this monoclonal antibody was 
obtained from mouse ascites fluid and is of the IgGj type. 
The antibody was diluted 200 times with PBS (0.15 M NaCl 
+ 0.05 M phosphate buffer, pH 7,2) containing 1 % (w/v) 




The procedure was according to manufacturer's 
recommendation (data sheet 11807 from Amersham). Cells were 
seeded overnight on glass cover slips inside 35 mm culture 
dishes at 1 x 105 cells/dish in 1 ml culture medium. During 
hyperthermic treatment, the dishes were placed inside sealed 
plastic bags containing 5 % C
 2 and 95 % air. The bottoms of 
the plastic bags were in direct contact with water set at a 
specific temperature. A piece of moist cotton wool was placed 
inside the bag to keep the saturated humidity during 
treatment, Af er> hyperthermia, the cover slips were taken out 
and washed in PBS. For EAT cells, they were taken out and 
made attached to a microscopic slide by cytocentrifugation. 
The cells were then fixed in ethanol/acetone (1:1) for 10 min 
at 4 C. They were rinsed in PBS three times and then dried by 
air. Forty ul of diluted anti-72 kD HSP IgG was applied onto 
each slide and incubated in a moisted box at room temperature 
for 2 h.. .The„ slides were then rinsed again in. PBS three times 
and air dried. This was followed by applying 40 \il diluted 
FITC—anti-mouse IgG on the same spot and incubated in the 
moisted box at room temperature for 1 h. Excess antibodies 
were washed in PBS three times, air dried and then mounted in 
5 0
 % glycerol in PBS for fluorescent microscope examination. 
:94 
• If 
B, Detection of 72-kD HSP by I 
Western blotting |j 
Materials !| 
1. Suspension buffer 
This was made up of 0.1 M NaCl, 0.01 M Tris-HCl, 1 mM 
EDTA, 100 iig/ml phenylmethylsulfonyl fluoride (PMSF) and 
1 ug/ral aprotinin. A stock solution of 10 mg PMSF per ml 
in isopropanol was made and stored at -20oC, 
2. SDS gel-loading buffer (2 X) 
A solution of 125 mM Tris-HCl, 5 % SDS, 25 % glycerol and 
0.25 % bromophenol blue (pH 6.8) was mixed with 1 M 
dithiothreitol (DTT) in 4:1 when use. 
3. 1 M dithiothreitol (DTT) 
DTT dissolved in 0.01 M sodium acetate (pH 5.2), filtered 
and stored at "20 ° C. 
4. Reagents for SDS-PAGE 
Same reagents as described in the Material section of 
SDS-PAGE for acidic protein separation (Section VII of 
the Materials and Methods). 
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I 5 . Transfer buffer 
It consisted of 3 9 mM glycine, 48 mM Tris-HCl, 0.037 % 
SDS and 20 % methanol (v/w) at pH 8.3. 
6. Tris-buffered saline + Tween 20 (TBST) 
Made up of 10 mM Tris-HCl, 150 mM NaCl and 0.05 % Tween 
20 adjusted to pH 8.0. 
7. Blocking solution 
1 % bovine serum albumin (BSA) in TBST. 
8. Alkaline phosphatase (AP) buffer || 
Made up of 100 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl2 and 
adjusted to pH 9.5. 
9. Anti -mouse IgG alkaline .phosphatase conjugate. 
Part of the Western blot AP system kit purchased from 
Promega Corporation of U,S.A“ It was diluted 4000 x 
with TBST and reused for several times before discarded. 
10. Subs rates for alkaline phosphatase and color development 
solution 
Both nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-
indolyl phosphate (BCIP) were parts of Western blot AP 
system kit purchased from Promega Corporation. The 
colour development solution was made by mixing 4 ml of AP 
buffer with 26.4 pi NBT substrate and then 13.2 pi BCIP 
substrate. The solution was protected from strong light 
and used immediately after mixing. 
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11. Monoclonal anti-72kD heat shock protein 
.... , . . J 
Purchased from Amersham, this monoclonal antibody was 
obtained from mouse ascites fluid and is of IgGj type. 
The antibody was diluted 1000 times with PBS (0.15 M NaCl 
+ 0.05 M phosphate buffer, pH 7.2) containing 1 % (w/v) 
bovine serum albumin and 0.1 % (w/v) sodium azide when 
use. The diluted antibody was reused for several times 
before discarded. 
• . • • ‘ . .-.,. • . - • , . 1 
• . • . . . I 
^^ H^ ,„ i'l 
, . . • . . .. . . . . .  . .. . . .... 
Methods 
The procedure for sample preparation and Western blotting 
was based upon the methods of Sambrook et al. (1989). 
Preparation of protein samples 
Cells were seeded overnight in 100 mm culture dishes at 1 
g 
x 10 cells in 12 ml culture medium per plate. After heat 
treatment, monolayer cells were washed three times with PBS 
and drained thoroughly. SDS gel-loading buffer (1 X) of 180 
111 at 85 ° C was added to lyse the cells. The viscous lysate 
was scrapped into a microcentrifuge. In case of EAT cells 
which were in suspension, they were washed in cold PBS and 
pelleted down at 600 x g for 2 rain. The supernatant was removed 
and 5 volumes of suspension buffer was added. Equal volume of 
SDS gel-loading buffer (2 X) was pipetted into the solution 
immediately afterwards. The lysate was heated in boiling 
. 97 
water bath for 5 min and sonicated for 30 sec. The sample was f| 
then centrifuged at 10 000 g for 10 min at room temperature to 
‘ . ' . - I 
remove any undissolved substances. An aliquot (30 yl) was | 
mixed with 0.5 ml 0.08 N NaOH solution in a dialysis tubing ! 
and dialysed in 500 volumes of 0.08 N NaOH with 4 changes of '! 
the NaOH solution. The dialysed sample was used for protein || 
determination by Lowry method as mentioned in Section VII of 
the Materials and Methods• 
Protein separation by SDS-PAGE 
The protocol for gel prepara i o n w a s the same as for 
nuclear acidic protein separation, with 3 % acrylamide in 
stacking and 9 % in separating gel as indicated in Section VII 
of the Materials and Methods. Bio-rad minigel apparatus was 
used for this purpose with separating gel sizes of 5.4 x 8.2 x 
0.075 cm (h x w x d) . Fifteen jig proteins was applied into 
each well and ran at a constant voltage of 200 V until the 
tracking dye reached the bottom (took about 45 min). 
. - . . . • ‘ 
Electroblotting 
Ancos semi-dry electroblotter was employed for Western 
blotting. To prepare for the protein transfer, 4 pieces of 
Whatman 3 MM paper and one piece of nitrocellulose membrane 
w e r e
 cut to the exact size of the gel. All the Whatman papers 
were soaked in transfer buffer while the nitrocellulose 
membrane was wetted in distilled water before use. Two pieces 
:98 
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of Whatman papers were placed on the bottom graphite anode. I 
. . . . . . ‘ I 
The nitrocellulose membrane was then laid on the top. 
Immediately after electrophoresis, the gel was washed briefly | 
in distilled water and then aligned on the top of the 
membrane. Another 2 Whatman papers were laid on the top of 
the gel. The lid with graphite cathode was then placed on the 
toP. A current of 1.5 mA/cm2 was applied to the sandwich for 2 1 
h. It was found that under these conditions, almost all 
proteins were transferred on the nitrocellulose membrane, 
except for the high molecular weight proteins of over 110 kD. 
...: .. .• . •: .. … 1 
This was confirmed by staining the gel in Coomassie blue 
, : • f 
.I 
solution. After electroblotting, the nitrocellulose membrane 
could be taken for 72-kD HSP detection or wrapped in sealable 
plastic bags and stored at 4 C. 
To block the unbound sites on the membrane, it was rinsed 
in TBST
 a nd hen incubated in blocking buffer at 0.1 ml/cm2 in 
a sealable plastic bag for If h at room temperature with 
- . . 
gentle shaking. The blocking buffer was drained off from the 
membrane which was then placed in diluted anti—72 kD HSP IgG 
at 0,1 ml/cm in a sealable plastic bag for 2 h at room 
temperature. The membrane was. then washed 3 times (5 min 
each) in TBST and then incubated with diluted anti-mouse IgG 
AP conjugate in the same manner for 1 h. Unbound antibody was 
removed by washing 3 times in TBST with 5 min each. The 
membrane was blot ed damp dry on a filter paper and 
transferred to the color development solution in 0.1 ml/cm2 in 
a
 sealable plastic bag. After the reactive areas turned 
purple within 1 to 15 min to the desired intensity, the 
reaction was stopped by rinsing the membrane in distilled 
:99 
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w a t e r f o r 1 0
 min with 3 changes of water in between. To ] 
quantify the amount of 72-kD HSP, the membrane was I 
photographed on a 35 mm black and white negative. The bands j 
corresponded to 72 kD mark were scanned in a gel scanner (LKB ( 
2202 Ultroscan Laser Densitometer) at 632.8 nm. The peaks 
obtained from the chart recorder were cut out and weighed, 
which corresponded to the quantity of the 72-kD HSP present in 
the sample. 
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Results and Discussion j 
I. Cytotoxicity of hyperthermia 
in vitro 
In order to establish the sensitivity of the cell lines 
t o w a r d s
 hyperthermia, cytotoxicity tests including trypan blue 
exclusion, biosynthesis of DNA, RNA and proteins, were 
performed V 
Trypan blue exclusion test 
Thi.s test is based upon the fact that normal living cells 
with an intact membrane are able to prevent the entry of the 
dye.. Thus, when cells are incubated with this dye and 
observed under microscope, dying cells with their membrane 
damaged will be stained blue. In other words, the number of 
cells able to exclude the dye after hyperthermic treatment 
will be a good indicator of cell survival. Unlike radiation, 
cell death due to heat is not an immediate event. 
Furthermore, this type of exclusion test tends to overestimate 
the actual number of cells survived (Freshney 1987). 
Therefore, in our experiments, tests were performed on the two 
days following hyperthermia. 
The results of tests on EAT cells are shown in Fig. 3.1.1 
to 3.1.3. The cells were treated for 1, 2 or 4 h at the 
temperature indicated. For 1 h treatment a 43°C, the number 
of surviving.cells gradually decreased. Only 8 % of he 
:102 
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Legend to Figures 3,1,1 to 3,1,3 1 
PI 
. ^ * II 
Figures 3 • 1 • 1 , 3.1•2 and 3.1.3 show the change in 
viability of EAT cells on 3 consecutive days after 
hyperthermic treatment for 1, 2 and 4 h respectively. The 
cell numbers are expressed as the percentage of viable cells 
under test to the cells without treatment on Day 0. Each 
point represents the mean S,D. of 3 independent experiments. 
. . : . '- || I 
Viability estimation was done by employing trypan blue 
:.. , . . . ........... : ‘ • y 
exclusion test. 
• - treatment at 37 C (control) 
• - treatment at 41° C 
I - treatment at 43 0 C 
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Figure 3.1.1 Viability of EAT cells after 1 h hyperthermia 
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Figure 3.1.3 Viability of EAT cells after 4 h hyperthermia 
:106 
“ ,:.:,. ” … “ } : 
original cells survived 48 h after treatment. In this case, a 
clear cytotoxic effect occurred after treatment at 43 C for 1 
j i 
h. Notice that immediately after the treatment (Day 0 ) the 
' : . _. , I] 
surviving cell number was unchanged by treatment at 41 or 
43 C. This indicated that while the heat dose at 43 C for 1 h 
was cytotoxic to EAT cells, the full effect was not revealed jl 
at the early stage (Fung et al. , 1988) Fig. 3.1.1 also 
showed that treatment at 41 C for 1 h exerted certain growth 
‘ 
delay, but it did not kill the cell population at such, 
ir 
When the heat dose was increased by extending the 
duration of treatment to 2 h (Fig. 3.1.2) and 4 h (Fig. 
3/1.3), hyperthermia at 41 C becomes lethal. This was 
. . . ,.’ •... . 
indicated by the growth arrest over 2 days as compared with 
the 37 C.control.The percentage of cell number obtained on 
—\ . / • . . . • , • . . ' . : ’ ’ — — . ’ . . . ‘ ; ‘ ‘ 
Day 1- and 2 at 41 C treatment was marginally significantly 
. .• . . • ..... . . I: . 
different compared with the 37 C control on the corresponding 
days (0.05 > p > 0.01), When the heat dose was increased to 4 
h and at 43 °C, the damage was immediate. Only 42 % of the EAT 
cells was able to exclude the dye with 58 % of the cells 
stained blue soon after the reatinent. This was obviously a 
direct damage ihcurred in the plasma membrane. For 4 h at 
41°C, the percentage of cell observed on Day 1 was 
significantly different from the 37 C control counted on the 
same day (p < 0.01). It has been shown by other workers (Chew 
e t
 ai., 1984) that with sub-lethal heating at 41 C for 30 min, 
membrane morphology was altered with a decrease of surface 
microvilli but an increase of surface blebs in EAT cells. 
Comparing EAT cells with BALB/3T3 cells, we observed that 
the latter was less sensitive to mild hyperthermia (Fig. 
:107 
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Legend to Figure 3,1,4 | 
...
1
 ^ , . . . ... . I 
Viability of BALB/3T3 clone A31 cells in three 
. . . . .
 :||| 
consecutive-days after hyperthermic treatment for 2 h. The 
• ‘ ‘ • - • j 
cell numbers were expressed as the percentage of viable cells l! 
under test to the cells at 37 C, on Day zero. Each point 
represents the mean ± S,D. of 3 independent experiments. |] 
-
Viability was estimated by employing the trypan blue exclusion 
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Figure 3.1.4 Viability of BALB/3T3 cells after 2 h hyperthermia 
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3 .1,4) • A continuous proliferation occurred after the cells | 
W e r e t r e a t e d
 ^ 41°C for 2 h, although the temperature of 43 C 
- .— - II 
w a s
 cytotoxic. The two glioblastoma cells were even less 
sensitive to hyperthermia. Both U—87 MG and U-373 MG 
continued to grow and replicate after treatment at 418C for 2 
or 4 h (Fig. 3.1.5 to 3.. 1.8), though the increase in cell || 
number was somewhat slower. Even so, there was a marginally jj 
significant difference in cells numbers on Day 1 of U-87 MG 
treated at 41°C for 4 h (0.05 > p > 0.01). Also, marginally || 
• • ' . j i| 
significant difference was observed on Day 2 of U-373 MG cells -
....... .... . . 
treated at 41 4 h (0.05:) p > 0 , 0 1 ) . For cells heated j| 
at 43 C for 4 h, the growth of both cell lines was stopped, . fj 
but no drop in cell number was observed (Fig. 3.1.6 and -I' 
3.1.8). 
Different tumour cells may respond differently to 
hyperthermia. In this case, it seemed that the murine tumour 
was definitely more sensitive to heat compared to the two 
— • - • - ' . : . ... .. •. i l l 
;F . 1 
human glioblastoma cells as suggested in this test. Thus, EAT 
cell may provide a good tumour model for further hyperthermia 
study. Also, being an untransformed cell line, the BALB/3T3 
cell was apparently more heat resistant than the EAT cell, 
which could suggest an advantage to normal cells during 
thermotherapy. However, the comparsion may not be straight 
forward, since EAT and BALB/3T3 are of different tissue 
origins . 
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Legend to Figures 3 5 to 3.1.8 fl: 
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Figures 3.1.5 and 3.1.6 represent the change in viability 
of U—87 MG glioblastoma cells on 3 consecutive days after 
hyperthermic treatment for 2 and 4 h respectively. Figures 
3.1.7 and 3,1.8 refer to U-373' MG glioblastoma cells response 
to hyperthermic treatment for 2 and 4 h respectively. The 
cell numbers were expressed as the percentage of viable cells 
under test to the cells without treatment on Day 0. Each 
point Tepr^sent& the mean ± S.D. of 3 independent experiments. ||!j 
Viability estimation was done by employing trypan blue 
exclusion test. 
• - treatment at 37 C (control) 
• - treatment at 41 C 
• - treatment at 43 ° C 
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Synthesis of macromolecules [ 
• . j 
: . . . . — — . § 
• . . • |.|: 
Before experiments on the incorporation of labelled 
... .. • •:-‘ • . . II 
precursors were done on treated cells, a preliminary test on 
the rate of incorporation in EAT cells was preformed. This 
was done by studying the time course of the incorporation. As 
shown in Fig. 3.1.9, the initial rate incorporation of [3H] — 
thymidine was relatively linear in the first hour, then 
lij 
levelling off after 2 h incubation. This was similar to the 
. ji i 
:3 .... [H]-uridine incorporation (Fig. 3.1.10). In case of [14Cl-L-
,.
 L J 
leucine, the incorporation was linear up to 3 h (Fig. 3.1,11). 
To maximize the sensitivity and accuracy of the tests, a two ii| 
hour incubation time for [3H ]-thymidine and [3H]-uridine, and a 
three hour incubation time for [14C]—L leucine were chosen for 
all later experiments. 
The hyperthermic effects on macromolecular syntheses in 
the glioblastomas and EAT cells were tested. Generally, the 
. . ... |]l 
incorporation in vitro of precursors was suppressed as a 
result of hyper1:hermia (see later in Table 3-1.1 and Fig. 
3.1.12 to 3.1.14 ) , This agrees with the result of other 
workers who observed similar inhibitions in other tumour cells 
such as Novikoff hepatoma cells and Morris 5123 hepatoma cells 
(Mondovi et al., 1969) • 
0 
Preliminary results on [ H]-thymidine incorporation were 
obtained for U-87 MG and U-373 MG gliobastoma cells 24 h after 
treatment at 43°C for 6 h (Table 3.1.1). It was observed that 
there was a discrepancy in their sensitivity towards heat 
where the inhibition of incorporation in U-87 MG amounted to 
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Legend to Figures 3,1,9 to 3,1,11 
I I ] I • • • 
‘ 
Figures 3.1/9, 3.1.10 and 3.1.11 were time courses of 
radioactive precursor incorporation into EAT cells in vitro at 
37 C , referring to [3H]-thymidine, [3H]-uridine and [HC]-L-
...".. • • . .
 1
 :. 1 I. 
leucine respectively. Details of the procedure are shown in 
the Materials and Methods. 
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Table 3.1.1 Effect of hyperthermia on the incorporation of 
3 
I HJ-thymidine in glioblastoma cells 
Percent control 
Treatment U-87 MG U-373 MG 
3 7
 C, 6 h 100 100 
‘ • • • 
4 3
 C 6 h 2.5 2.1 38 ± 27 
'. i if 
V ' ' . .... .. , . . • . . . . . ‘ ‘ ...... , J (I J 
. • .' .... . . . ‘ .. . • . . 
: ‘ . . . . . . . . • . • . ‘ . . . . . • . . : . . . . . .. • 
• • - • • • .‘.... • • • . ‘ - .“ ‘ *. ‘ > I. 
:
• .......: ..... ....…• •• ...... ‘ .... ‘ • “ ‘ • \ • - .... II 
( . . . ‘ . ... - . • [.p 1
 ® ^ 3 . “ - | . ^ , 
. . . . . . .
 :
 . . . . . . . . . . ... • ‘ 
The data were expressed as percentage of radioactivity 
measured after hyperthermia to the control at 37°C. Each 
number represents the mean ±S.D. obtained from 3 independent 
experiments . 
• ' - •• ' . . . . . . • ' , • ‘ • . . • • 
..'• • .... ‘ . . . . .......
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r* 
97.5 % when compared with the 37 C control, On the other 
hand, less inhibitory effect was found in U-373 MG (62 % 
inhibited). 
A more thorough study was done with EAT cells on the 
inhibition of labelled precursor incorporation due to heat. 
The cells were subjected to various hyperthermic temperatures 
between 40 and 46°C and treated for various time intervals. 
The incorporations of [3H]-thymidine, [3H]-uridine and [UC]-L-
leucine were then measured immediately after the treatment. 
The log percentage incorporations in each case was plotted 
against the duration of treatment. Figures 3.1.12, 3.1.13 and 
3.1.14 show such plots when temperatures were at 41 43 and 
46 C respectively. As discussed before, the decrease in 
incorporation, which is indicative of cellular damage, was 
correlated with heat dose• That is, either high temperature 
or long treatment time will be able to suppress metabolic 
activity. The suppression of thymidine incorporation into EAT 
cells was suggested to be due to a reduction of 
phosphorylation of thymidine to thymidine monophosphate, a 
result of hyperthermic reduction of thymidine kinase activity 
(Skog et al. 1992 ) • 
It is reasonable to assume that this kind of inhibition 
would be related to cell survival. Field and Morris (1983) 
tried to correlate time of heating with a chosen level of 
damage on certain biological functions in a range of normal 
tissues and tumours in situ. This includes necrosis of baby-
rat tail skin or rat skin epilation. It follows that the 
inhibition of a cellular event can be described by an equation 
of the exponential type: 
122 
A = A E ^ o 
where, AQ is the metabolic activity before treatment, A is the 
activity after the treatment for time t and ic is a constant 
representing the inactivation rate at a given temperature._ 
This equation is analogous to the one proposed by Gerner et 
al. (1975) describing cell survival after hyperthermia. In 
analogy to dose effect curves which have been obtained for 
survival after exposure to heat, a value for D” or D can be 
calculated. This value represents the time of incubation at a 
given temperature which results in the reduction in 
incorporation activity to 1/e of the initial activity (equal 
to 37 % of Aq). An Arrhenius plot for heat inactivation of the 
precursor incorporation was obtained as shown in Fig. 3.1.15, 
On the ordinate, the log reciprocal of the DQ~values 
(inactivation rate) were plotted versus the reciprocal of the 
absolute temperature K in the abssisor. Interestingly, the 
.. 3 —. 
relationship was linear for [HJ-thymidine incorporation from 
40° to 46*C. More important, this linearity also appeared in 
3 i i 
the [H]-uridine and [ C]-L-leucine, but there was a break 
around 42 ° C where the gradients changed sharply below this 
temperature. Such Arrhenius analyses are normally employed in 
order to determine the activation energy of a chemical 
reaction. Therefore, the energy required for inactivation of 
RNA and protein synthesis might be different below and above 
42 ° C. This seems to agree with the theory that hyperthermic 
cell killing is resulted by at least 2 different mechanisms 
(Streffer and Beuningen, 1987 ) one works below 42.5 ° C and one 
works above this critical temperature• The results obtained 
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Legend to Figures 3.L12 to 3,1,14 ^ 
: F i g u r e s 3.1.12, 3.1.13 and 3.1.14 represent the labelled 
precursor incorporation in EAT cells immediately after 
treatment at 41 , 43 and 46 C respectively. Data are 
expressed as percent radioactivity incorporation of a 
treatment time point to the 37 C control incubated for the 
same period of time. Details of the procedure are given in 
the Materials and Methods. 
• - [ H]-thymidine 
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Figure 3.1,12 Precursor incorporation in EAT cells after 
hyperthermia at 41°C 
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Figure 3.1.13 Precursor incorporation in EAT cells after 
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Figure 3.1.14 Precursor incorporation in EAT cells after 
hyperthermia at 46°C 
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• 
Legend to Figure 3,2,4 ! 
The data were obtained from the previous (Fig. 3.1.12 to 
3.1.14) results by estimating the time (DQ) it took to inhibit 
the incorporation activity to 37 % of the 37 C control. The 
log reciprocal of DQ was plotted against the reciprocal of 
absolute temperature K, The lines were drawn with visual 
inspection. 
• [^ H ] -thymidine 
..,3 
• - [ H]-uridine 
I - [UC]-L-leucine 
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Figure 3.1.15 Arrhenms plot for heat inhibition of 
precursor incorporation 
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for inhibitions of RNA and protein synthesis could have 
reflected the underlying mechanisms of hyperthermic cell 
damage at the metabolic level. The reason why DNA synthesis 
did not behave in the biphasic manner is unclear. One would 
have to look into the details of—the pathways in order to 
locate the sensitive elements that are responsible for such 
changes . 
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II• Hyperthermia on EAT cells 
in vivo 
Whole body hyperthermia (WBH) was performed on EAT 
bearing ICR mice at the time when the cells were exponential 
growth. During the course of the experiment, various heat 
doses were tried. It was found that the majority of mice 
cannot sustain an 1 h treatment at temperatures above 41 C. 
This situation has been reported by Hirooka et al. (1990) that 
half of the EAT-bearing DDY mice died after acquiring a rectal 
temperature of 42 C for 30 min or all mice died if the rectal 
temperature was raised to 43 C for 30 min. In their case, 
they transplanted EAT cells from heat treated dead mice to 
untreated mice and observed that mice transplanted with 43 C 
treated EAT cells survived slightly longer than the 37 C 
controls. In order to minimise hyperthermic death in mice 
immediately after treatment, a heat dose at 40. 50 C for a 
duration of 1 h was generally applied for the whole body 
hyperthermia in our present study. In all experiments, it was 
found that it took 15 to 19 min to get to a rectal temperature 
of 40.5 * C with the external waterbath set at around 38 * C. The 
bath temperature had to be varied according to the number of 
mice being treated. A higher temperature (up to 39 C) was 
required for small numbers of mice held in the waterbath and 
vice versa. 
In the first experiment, 64 mice were treated to attain 
40.5'C in the rectum for 1 h two days after 1 x 106 EAT cells 
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was injected into each mouse. The surviving number of mice 
were recorded each day afterwards. Figure 3.2.1 showed a plot 
of the percentage of mice survived against days after EAT cell 
injection (Day 0). In this experiment, 27 mice died (42 %) 
immediately after the treatment and were excluded from the 
evaluation. The remaining 37 mice were taken as the 100 % 
starting level. Their survival was compared with a group of 
34 mice which received no heat treatment. From Fig. 3.2.1, 
both groups of mice started to die from Day 13. In 
particular, the control group showed a rapid rate of death 
from Day 15 onwards. For the treatment group, a small but 
discernible delay in death due o the tumour was observed. 
In two further experiments, the EAT bearing mice were 
treated with the same heat dose twice, on Day 2 and 4. The 
results are plotted on Fig. 3.2.2 and 3.2.3. In both cases, 
up to 33 % of treated mice died after two WBH administrations. 
As before the 100 % referred to the number of mice that 
survived the WBH. In Figf. 3,2.2, 50 % of the control mice 
died before Day 17 compared with Day 19.5 in the treated 
group, though the last few mice in both groups died around the 
same time. On the other hand, the repeat experiment in Fig. 
3.2.3 did reveal a small number of treated mice survived up to 
Day 30 compared with the controls where they all died by Day 
22 . 
While the above experiments did suggest certain 
therapeutic gain of WBH towards the survival of EAT bearing 
mice, the immediate death due to the heat itself was 
considerable. During the course of study, it was discovered 
that while a large proportion of mice died after the first 
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Legend to Figure 3,2,4 ! 
EAT cells were injected i.p. into ICR mice on Day 0 at 1 
x 10 cells/mouse. Heat treatment was performed on Day 2 at 
40.5oC for 1 h on 64 mice. Twenty seven mice died shortly 
after treatment. The 100 % of the treated group referred to 
the remaining 3 7 mice which were compared with 34 control mice 
which received no heat treatment. 
• control group 
• — treated group 
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Figure 3.2.1 Survival of EAT—bearing mice with WBH on Day 2 
after EAT inoculation on Day 0 
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Legend to Figure 3,2,4 ! 
EAT cells were injected i.p. into ICR mice on Day 0 at 1 
6 
x 10 cells/mouse. Heat treatment was performed on Day 2 and 
4, each at 40.5 C for 1 h. Sixty four mice were heated on Day 
2 which left 17 mice died soon afterwards. The second 
treatment on Day 4 caused another 2 mice to die shortly after 
the treatment. The 100 % of the treated group referred to the 
remaining 45 mice which were compared with 36 control mice 
which received no heat treatment. 
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Figure 3.2.2 Survival of EAT—bearing mice with WBH on 
Day 2 and 4 after EAT inoculation on Day 0 
(first experiment) 
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Legend to Figure 3,2,4 ! 
EAT cells were injected i.p. into ICR mice on Day 0 at 1 
g 
x 10 cells/mouse. Heat treatment was performed on Day 2 and 
4, each at 40.5 C for .1 h. Fifty nine mice were heated on Day 
2; 18 mice died soon afterwards. The second treatment on Day 
4
 caused another one mouse to die shortly after the treatment. 
The 100 % of the treated group referred to the remaining 40 
mice which were compared with 39 control mice which received 
no heat treatment. 
. . . .:-•..-•‘——.-•. . 
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Figure 3.2.3 Survival of EAT—bearing mice with WBH on 
Day 2 and 4 after EAT inoculation on Day 0 
(second experiment) 
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treatment, a second heat dose gave rise to little or no 
immediate death (as shown from the last two experiments). 
This might suggest that certain ICR mice in a non-inbred 
population were more heat sensitive than others. If this is 
the case, the above data could have been biased in that, the 
difference in rate of death observed in both groups might have 
been due to the heat selected mice that were tolerant to the 
growth of EAT cells in their body, rather than a cytotoxic 
effect on the tumour. 
• • 
So, in the second set of experiments, the mice were 
… . '-• ‘ - ‘ . . 'i 
pretreated with WBH at 40.5°C rectal temperature for 1 h. 
Mice survived after the pretreatment were inoculated with EAT 
. 
cells 3 days after. In this way, all mice in the control and 
treatment groups were heat resistant. In the first 
experiment, 31 mice received the same heat dose as in the 
pretreatment 2 days after the EAT injection (Fig. 3.2.4). 
Only 1 mouse died soon after this second WBH. Compared with a 
control of 29 mice, a similar pattern to Fig. 3.2*1 was 
observed. There was a slight delay in mouse death rate after 
Day 18 in the treated group. When the same heat dose was 
administered to mice either on Day 3 (Fig. 3.2.5) or Day 4 
(Fig. 3.2.6), a similar delay in the treated groups was found. 
In the Day 3 treatment group, the 50 % death was reached on 
Day 18.5 by the control group, compared with Day 21.5 in the 
treated group. Nevertheless, a small percentage of mice in 
the control seemed to survive longer than the treated ones 
(Fig. 3.2.5): For the Day 4 treatment group, the difference 
in 50 % death was only one day, but some treated mice survived 
for a considerable period of time after all the coirtroD: 
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Legend to Figure 3,2,4 ! 
EAT cells were injected i.p. into 60 ICR mice at 1 x 106 
cells/mouse on Day 0, three days after—pre-treatment at 40.5°C 
for 1 h. Heat treatment was performed on 31 mice on Day 2 at 
40.5 C for 1 h. This treatment caused one mouse to die 
shortly after the treatment. The 100 % of the treated group 
referred to the remaining 30 mice which were compared with 29 
control mice which received only heat pre-treatment once. 
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Figure 3.2.4 Survival of EAT-bearing mice with WBH 
pre—treatment on Day —3, EAT inoculation 
on Day 0 and WBH again on Day 2 
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Legend to Figure 3,2,4 ! 
EAT cells were injected i.p. into 87 ICR mice at 1 x 106 
cells/mouse on Day 0, three days after pre-treatraent at 40.5°C 
for 1 h. Heat treatment was performed on 46 mice on Day 3 at 
40.5 C for 1 h. This treatment caused one mouse to die 
shortly after the treatment. The 100 % of the treated group 
referred to the remaining 45 mice which were compared with 41 
control mice which received only heat pre-treatment once. 
• • i 
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Figure 3.2.5 Survival of EAT—bearing mice with WBH 
pre—treatment on Day 3, EAT inoculation 
on Day 0 and WBH again on Day 3 
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Legend to Figure 3,2,4 ! 
EAT cells were injected i.p. into 97 ICR mice at 1 x 108 
cells/mouse on Day 0, three days after pre—treatment at 40.5 C 
for 1 h. Heat treatment was performed on 50 mice on Day 4 at 
40.5 C for 1 h. This treatment caused no mouse death. The 
100 % of the treated group referred to 50 mice which were 
compared with 47 control mice which received only heat pre-
treatment once . 
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Figure 3.2.6 Survival of EAT—bearing mice with WBH 
pre—treatment on Day - 3 , EAT inoculation 
on Day 0 and WBH again on Day 4 
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II 
, . ‘ - 3 
• - . ' | 
I 
animals have died (Fig. 3.2.6)• 
In the case of clinical application of WBH towards human 
subjects, a higher heat dose that gives rise to an internal 
temperature between 41.8 and 42.4 C and maintained for 
several hours can be achieved without too much damaging 
effects (Robins et aJ, 1989). In such cases, of course, the 
human subjects were well maintained with appropriate life 
support measures, mainly fluid and electrolyte replacement 
(Larkin et al., 1977). Thus, there is a limit, at least with ] 
• ^H … j-
experimental mice, as to how much heat can be delivered to the 
animals without causing too many deaths due to the heat 
itself. 
j 
Oda et al. (1985) were able to raise and maintain a 
rectal temperature of 42 C for 30 min during WBH in LLC-
bearing C57BL/6 mice and in mouse ascites hepatoma 134-bearing 
. . 
C3H/He, and observed a significant inhibition of the primary 
tumour in both 
cases• Although the. heat dose also caused LLC 
metastasis in the lung, it was inhibited by the combined use 
of anticancer drugs. The delay in mouse death observed in 
, • . • • • . . . . . . . . 
this investigation could be a direct heat effect on the EAT 
cells. The results agreed with the inhibited growth of 
transplanted EAT cells which had been treated in vivo 
previously at 42 C for 30 min (Hirroka et al. 1990). Since 
temperature at 40.5oC was considered sub-lethal, immediate 
tumour necrosis was unlikely. It has been shown that 
hyperthermia at 390C in normal human subjects can cause 
immuno-stimu1ation such as increase in natural killer (NK) 
cell activity and interleukin-2 production, or immuno-
suppression such as depressed lymphocyte transformation 
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(Downing and Taylor, 1987) . Further, the decrease in lung 
tumour metastasis in mice receiving WBH was correlated with 
the increase in NK-cell activity (Shen et al., 1987). 
Immunization of Swiss mice with EAT cells which had been 
exposed in vitro to 42.5 C for 3 h is more effective than that 
with radiation-inactivated cells in suppressing the growth of 
subsequent EAT implantation (Mondovi' et al. 1972), However, 
only minimal effect of heat on immune responses of normal mice 
could be demonstrated in WBH (Greeley 1992). On the other [ 
hand, Dickson and Shah (1983) have demonstrated that WBH could 
lead to suppressed host immune response; So, it is still 
controversial as to whether immunity of the host plays a role 
“ j 
in tumour suppression during hyperthermia. 
In asmuchas the WBH applied to EAT bearing mice indeed 
promoted certain therapeutic gain as shown in this study, 
there is a limit to the amount of total heat dose that can be 
given in this particular animal model. It is not known 
whether WBH given at a late stage of tumour growth or longer 
treatment duration with lower temperatures or short duration 
with high temperature could further increase the theraputic 
gain. Besides, a combination of hyperthermia and drug 
treatment could well be advantageous in tumour suppression as 
this has been shown to work in other system (Overgaard, 1976). 
Further study is required on those aspects. The experimental 
set-up in this study provides a means of studying WBH in the 
animal. The various parameters can be altered and adjusted in 
order to suit different applications. 
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Ill. Cytotoxicity of 
combination of hyperthermia 
and drugs 
The drugs chosen for this experiment were puromycin, 
.‘ • ‘ • -.. - • - ••‘ - - • • . ‘ . Ji 
* • - |fi 
actinomycin D and methotrexate (MTX). Puromycin is a protein 
• …-. --. .. , " • ‘ 4-
synthesis inhibitor. Actinomycin D is an antitumour 
antibiotic which inhibits RNA synthesis. MTX is an 
j 
antimetabolite which exerts its cytotoxic effect by binding 
tightly to the enzyme dihydrofolate reductase and thereby 
blocking the reduction of folic acid, thus suppressing DNA 
synthesis. The idea of this experiment was to see whether the 
blockage of these synthetic pathways would produce an additive 
or synergistic cell killing effect on U-87 MG and U-373 MG 
glioblastoma cells. 
The cytotoxic effects of this combined treatment were 
assayed by the neutral red uptake method (Fiennes et al, 1987) 
for anchorage—dependent cultured cells. The amount of vital 
stain taken up by cells seeded on a 96—well plate would 
reflect the number of surviving cells in the wells. The cells 
were treated by a combination of heat and drug, and then left 
for 24 h at 37 C in the incubator before the assay was 
performed. 
When the cells were treated by hyperthermia alone for 6 
h, less dye uptake was observed when compared with control at 
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Table 3.3.1 Effect of hyperthermia on neutral red uptake in 
glioblastoma cells 
Percent control 
Treatment U-87 MG U-373 MG 
37 C, 6 h 100 100 
41VC, 6 h 90 ± 18 92 8 
• • ' • •. • • ... ... . • * 
43 C, 6 h 71 4 75 ± 9 | 
... ^ ~ ~ ~
_
 . [ 
••• ‘ ‘ , . - • , ' i I 
. .i 
.;‘• 4 . • : • .... . .: . •
 ?
 ‘ ‘ ‘ . ‘ - ,• ’ •. ’‘ . • • ['Il 
The data were obtained by taking the percentage of 
absorbance at 540 nm of the treated group to the absorbance at 
37 C control. Each number was mean S.D. taken from 3 
independent experiments. The neutral red uptake was performed 
18 h after the 6 h heat treatment. 
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37 C (Table 3.3,1). This decrease was temperature-dependent 
with up to 30 % less dye uptake at 43 C for both cell lines. 
A dose-dependent cytotoxic effects was observed for both cell 
lines when they were treated with puromycin at concentrations 
between 0.1 to 10 jig/ml (Fig. 3.3.1, 3.3.2) . Hyperthermia at 
41° or 43°C resulted in an additive effect in all cases. 
Other studies using CHO cells did not show any change in 
survival after hyperthermia at 43 C for 3 h in the presence of 
100 jig/ml puromycin (Lee and Dewey, 1986) • 
: ——.• ‘ ? 
The cells seemed to show little response to MTX in the 
range of 2 to 200 ug/ml (Fig. 3.3.3 and 3.3.4) . MTX is a | 
+ * . . ‘ )\ 
known anti-tumour drug (Dahl 1986) . However, both 
•.‘ ’ _ 
glioblastoma cell lines seemed insensitive to the drug. 
Normally, MTX enters the cell through an active carrier 
mediated cell membrane transport system. Some tumours may 
• • i 
lack this transport and thus become insensitive to the drug at 
low concentrations. In the glioblastoma cells, it is not 
known whether they possess the carrier. However, in the 
• .3 
presence of MTX, the [ Hj-thymidine incorporation in both cell 
lines was increased by several fold (unpublished data). So, 
there was no problem regarding the entry of MTX into the 
cells. It is likely that these cells are insensitive to the 
MTX inhibition. Cytotoxicity induced by hyperthermia at 43 ° C 
was not enhanced either, when applied in combination with MTX. 
This can be shown, for example in U-87 MG cells, by 
mupltiplying the percentage control under drug alone at 37*C 
(Fig. 3.3.3 at 20 iig/ml, 98 %) and the percentage control 
under heat at 43°C alone (Table 3.3.1, 71 %) to give a figure 
of 69 %. From Fig. 3.3.3, the combined treatment of 20 pg MTX 
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Legend to Figures 3,3,1 and 3,3,2 
Figures 3.3.1 and 3.3.2 represent the effect of 6 h 
hyperthermia in the presence of various puromycln 
concentrations to the neutral red uptake in U-87 MG and U-373 
MG respectively. The results are expressed as the percentage 
of dye uptake (absorbance at 540 nm) to the no drug control at 
37 C. Each point is mean S.D. taken from 3 independent 
experiments. The neutral red uptake was performed 18 h after 
• “ . . . . • . . . . . . . . . . . . . 
the 6 h heat treatment• 
• . . * • . • - • . . . . , 
• • 'I 
• - 37 C 
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Figure 3.3.1 Combined effect of hyperthermia and puromycin 
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Figure 3.3.2 Combined effect of hyperthermia and puromycin 
on the survival of U-373 MG glioblastoma cells 
153 
Legend to Figures 3,3,3 and 3,3,4 I 
Figures 3.3.3 and 3.3.4 represent the effect of 6 h 
hyperthermia in the presence of various MTX concentrations to 
the neutral red uptake in U-87 MG and U-373 MG respectively. 
The results are expressed as the percentage of dye uptake 
(absorbance at 540 nm) to the no-drug control at 37 C. Each 
point is mean ±S.D. taken from 3 independent experiments 
The neutral red uptake was performed 18 h after the 6 h heat 
treatment, 
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Figure 3.3.3 Combined effect of hyperthermia and MTX on 
the survival of U-87 MG glioblastoma cells 
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Figure 3.3.4 Combined effect of hyperthermia and MTX oil 
the survival of U-373 MG glioblastoma cells 
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per ml and 43 C on U-87 MG cells revealed percentage control 
figure of 74 %. This latter figure should be comparable to 69 
% if the combined treatments are additive or smaller than 69 % 
if they are synergistic. This is in contrast with other 
reports that thermal enhancement of MTX effect occurred in 
SV40 transformed hamster lymphoid cells which contained 
reduced carrier-mediated cell membrane transport (Mikkelsen 
and Wallach, 1982) . Heating the lymphoid cells at 41*C for 10 
min enabled an increase in MTX uptake. Enhancement of MTX 
effect on host survival was observed in L1210 tumour in vi vo 
after local hyperthermia at 42 C for 1 h (Weinstein et al., 
1980). 
Actinomycin D is a potent inhibitor of RNA synthesis. At 
concentrations from 0.1 to 10 pg/ml, it exerted only mild 
cytotoxic effect on U-373 MG (Fig. 3.3.6). It amounted to 22 
% less uptake at 10 pg/ml as compared to the no drug control 
at 37'C. In the U-87 MG cells, the effect was more intense, 
31 % less uptake as compared to the control (Fig. 3.3.5). 
Again, hyperthermia at 41 or 43 C exerted only an additive 
effect on the decrease in dye uptake in both cell lines. 
Thermal enhancement of cytotoxicity of actinomycin D was found 
by Mizuno et al. (1980), using L5178Y cells heated at 42 C for 
3 i 
1 h. [ H]-uridine incorporation was found to be reduced by 
actinomycin D and heat (42 C for 2 h) in 19 solid tumours in 
children (Willnow, 1981) . In vivo investigations were 
performed by Rose et al. (1979). Using P388-leukemia and ROS-
osteogenic sarcoma in mice, cytotoxicity of actinomycin D was 
enhanced by whole body hyperthermia (38.8°-38•9 C) to the 
tumours as well as to the side effects, thereby revealing no 
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Legend to Figures 3,3,5 and 3,3,6 
Figures 3.3.5 and 3.3.6 represent the effect of 6 h 
hyperthermia in the presence of various actinomycin D 
concentrations to the neutral red uptake in U-87 MG and U-373 
MG respectively. The results are expressed as the percentage 
of dye uptake (absorbance at 540 nm) to the no drug, control at 
37 C. Each point is mean S.D. taken from 3 independent , 
experiments. The neutral red uptake was performed 18 h after 
the 6 h heat treatment. 
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Figure 3.3.6 Combined effect of hyperthermia and 
actinomycin D on the survival of U-373 MG 
glioblastoma cells 
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therapeutic gain. In contrast to this, Yerushalmi (1978) 
reported a prolongation of survival of mice bearing 
fibrosarcomas, after combined actinomycin D and local heat 
treatment. 
In conclusion, contrary to other reports that show 
cytotoxic enhancement on various tumour cell lines, 
particularly with MTX and actinomycin D, it seems that the 
three drugs produce no synergistic effects on cytotoxicity 
when treated in combination with hyperthermia on U-87 MG arid 
U-373 MG glioblastoma cells. In other words, the actions of 
the drugs are independent to the action of heat in affecting 
the biochemical pathways• 
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IV. Intracellular pH changes 
during hyperthermia 
The use of BCECF with the present experimental set up 
enabled a direct monitoring of pH during hyperthermia. In 
order to confirm that the change in fluorescence was not due 
to the temperature effect on BCECF itself or intracellular 
esterase activity, a control experiment was done where the 
glioblastoma cells were incubated with the calibration medium 
at various pH values which contained nigericin. Under these 
circumstances, the pH. would always be equal to the 
extracellular buffer pH. After the addition of the 
calibration buffer, the cells were heated to 430C for 12 min 
before cooling back to 37 C. During the course, no 
significant change in fluorescence intensity (or pH) was 
observed at pH 6.83, 7.02 and 7.24 (Fig. 3.4.1). 
In the course of this work, the presence of Na+/H+ 
antiporter activity in U-87 MG glioblastoma was demonstrated 
with acid-load by NH^/NH, prepulse in the absence of COg/HCOj" 
(Horie et al., 1990). As indicated in Fig. 3.4.2, pH-
increased after the incubation media was replaced by a sodium-
free buffer containing 20 mM ammonium chloride. Upon removal 
of NH| , pH| decreased and reached a stable pleatau. 
i 
Subsequent addition of Na ions caused the pH^ to recover which 
could be inhibited by 1 mM amiloride. 
An intracellular acidification was observed in U-87 MG 
glioblastoma when heated to 43 ° C (Fig. 3.4.3B). A 
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Legend to Figure 3,2,4 ! 
Changes of pHi with various calibration buffers during 
hyperthermia. The heating procedure was as described in the 
Materials and Methods. Fig. 3.4.1A represents the temperature 
profile of the incubation solution inside the cuvette. The 
abscissa was drawn on the same time scale as in IB 1C and ID• 
The thin arrows in each of 1B 1C and ID point to the time when 
the calibration buffer was added at pH 7.24, 7.02 and 6.83 
respectively. TheVblack arrows indicate the start of heating 
from -37 C, whereas the white-arrows indicate the beginning of 
cooling from 43 C. 
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Legend to Figure 3,2,4 ! 
Demonstration of the presence of Na+/H[ antiporter 
activity in U-87 MG glioblastoma cells. U-87 MG glioblastoma 
cells were initially incubated with a Naf-containing buffer. 
The medium was replaced (point--a') by a Na+-free buffer with ' 
the presence of 20 mM ammonium chloride for 5 min. The 
ammonium chloride solution was then replaced by a Na+-free, 
NH/-free medium a t point After a steady trace was S 
obtained, the medium was removed and a Na+—containing buffer 
W a s t h e n
 added at point • All media were adjusted to pH 
7.4 and contained no bicarbonate. 
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hyperthermic temperature of 43 C with 15 min duration lowered 
the pH. of 7.03 ± 0.05 (n=9) at 37 C by 0.25 ± 0.11 pH units 
(n=ll)• This was measured in an incubation medium containing 
20 mM bicarbonate (Table 3.4.1). An shown in Fig. 3.4.3B, the 
pH- decreased steadily as temperature increased to 43 C and 
maintained there. This suggested that pH, responded rapidly to 
temperature changes. It was also observed that soon after the 
temperature decreased from 43° to about 42.5"C, the pH. 
reverted swiftly towards alkalinity. Moreover, the pHi 
increased to a range above the original pHi before 
hyperthermia a& the temperature approached 37°C. This 
"overshoot" of pH^ during the temperature return was observed 
in all experiments and they differed only in magnitude. The 
pH- after the heating appeared to approach the original pH. 
* 1 
when continuously incubated for a further 15 min at 37"C. 
In the absence of 20 mM bicarbonate (Fig . 3.4.3C), the pH. 
profile was somewhat different from the control in Fig. 
3.4.3B. In this case, the rate of decrease of pH^ was higher 
than that in the presence of bicarbonate during the start of 
hyperthermia. Furthermore, the magnitude of pH. decrease was 
0.45 0.11 pH units compared with 0.25 ± 0.11 in the control 
during the 15 min treatment at 43°C (Table 3.4.1). There was 
also a revert of pH. towards alkalinity as the temperature fell 
back to 37°C. However, it did not overshoot and the pH- stayed 
below the original pH^ after 15 min at 37*C. 
The acidification was even greater with the medium 
containing no HCO/ but had 1 mM amiloride (Fig. 3.4.3D), when 
compared with results in medium showing absence of HCO^ only. 
I It amounted to a drop of 0•77 ± 0.19 pH units during the 15 
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Legend to Figure 3,2,4 ! 
Changes of pHi under hyperthermia. The heating procedure 
was as described in the Materials and Methods. Figure 3•4•3A 
represents the temperature profile of the incubation solution 
inside the cuvette. The abscissa was drawn on the same time 
scale as in 3B, 3C and 3D. Figure 3.4.3B describes a typical 
PHi change of U-87 MG glioblastoma incubated in medium 
contained 20 mM bicarbonate. Figure 3C represents the pH. 
profile when the cells were incubated in the same medium but 
without bicarbonate and•Fig. 3D had the cells incubated 
without bicarbonate but in the presence of 1 mM arailoride. 
The black arrows in 3B, 3C and 3D indicate the start of 
heating from 37 C, whereas the white arrows indicate the 
beginning of cooling from 43°C. 
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Table 3.4.1. Changes in intracellular pH at 43 C under 
various conditions . 
Additions in the 
incubation medium decrease in pH-
2 0 m M
 HC03" 0.25 0 . 1 1 
n o HC03" 0.45 0,11 
20 mM HCOj", 1 mM amiloride 0.59 + 0.13 
1 mM amiloride 0.77 ± 0 .19 
This table summarises data obtained from Fig, 3.4.3. All 
data are mean ± S.D. from 3 individual experiments, except the | | 
control where the value is an average of 11 experiments. The 
. . . . . . . . . . . | ' ' j 
incubation medium in every case contained 140 mM NaGl, 5 mM 
KC1, 2 mM CaCl2, 1 mM MgS04 , 1 mM Na2HP04 , 25 mM HEPES and 0.5 
mg/ml bovine serum albumin. The final pH of the medium was 
adjusted to pH 7.2. Heating procedures are the same as 
described in Fig. 3.4.3. The average fluorescent signal 
between 11 and 15 min after 43°C was reached was taken as the 
PH- under hyperthermia. 
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min treatment (Table 3.4.1) . However, the
 PHi increased only a 
little as the temperature returned to 37 C and it stayed low 
at this temperature. In the presence of both bicarbonate ions 
and amiloride, the decrease in p ^ during treatment was 0 .59 
0.13
 PH units (Table 3.4.1).: This change was larger than in 
the control which contained 20 mM bicarbonate, but was smaller 
compared with the medium containing 1 mM amiloride. 
The external pH (pHg) exerted an additive effect on the 
pHi during hyperthermia. When the pHg was at 6.7, the drop in 
pl^ was 0.52 ±0.15 pH unit during hyperthermia (Fig. 3.4.4). 
This change was more intense when compared with the control 
(Fig. 3.4.3B). 
An attempt was made to correlate the pH^ changes to 
thymidine incorporation into DNA. The latter enabled the 
study of the rate of replication of the cells and thus served 
as a survival indicator after the treatment. Figure 3.4.5 
. . . . . 
shows tha hyperthermia at 43°C for li h inhibited 69 % of the 
incorporation when the pHg was at 7.35. The incorporation was 
almost unaffected by the lowering of pH during experiments at 
37 C or 43 C. On the contrary, amiloride incubated with the 
cells at 37 ° C elicited dose responsive drops in thymidine 
incorporation up to 0.5 mM (Fig. 3.4.6) . Under hyperthermia, 
drug concentrations from 0•1 to 0.5 mM revealed synergistic 
effect on the inhibition of thymidine incorporation. 
A decrease in pH^ has been found when Chinese Hamster 
Ovary HA1 cells were exposed to hyperthermic temperature of 
41 to 47°C (Gonzalez-Mendez and Hahn, 1989). This drop in pH. 
'..• ... * 1 
has been correlated with increased thermal sensitivity in CHO 
cells (Fellenz and Gerweck, 1988) . Contradictory results were 
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Legend to Figure 3,2,4 ! 
Changes of pl^ in an acidic environment under 
hyperthermia. Heating procedure was as described in the 
Materials and Methods. Figure 3.4.4A represents he 
temperature profile of the incubation solution and Fig. 3•4•4B 
is the pH^ profile during hyperthermia. After the cells had 
maintained a steady pH^ the incubation medium (pH 7.2) was 
replaced by an acidic medium of pH 6.7 at point . After 
the p ^ became steady again, the cuvette was heated (shown by 
the black arrow) and then cooled after 15 min (shown by the 
white arrow)• 
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Legend to Figures 3,4,5 and 3,4,6 
Thymidine incorporation into DNA. [3H]-labelled thymidine 
iricorporation into TCA precipitate of U-87 MG glioblastoma 
cells, expressed as the percentage of radioactivity to the 
control at 37°C under physiological pH. The cells were 
treated at 37 C (control) or 43 C for 1| h under various 
external pH or amiloride concentrations. The medium was then 
replaced by RPMI 1640 supplemented with 10 % FCS and incubated 
for 24 h before thymidine incorporation experimeril:. Data were 
obtained from 3 independent experiments. In Fig. 3 .4.5, the 
cells were treated under various external pH. In Fig'. 3.4.6, 
the cells were treated with amiloride between 0.1 and 0.5 mM 
during hyperthermia. 
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Figure 3.4.5 Effect of extracellular pH during hyperthermia 
on the thymidine incorporation of U-87 MG 
glioblastoma cells 
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Figure 3.4.6 Combined effect of amiloride and hyperthermia 
oil the thymidine incorporation of U—87 MG 
glioblastoma cells 
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I: o b t a i n e d by Cook and Fox (1988b,c) that a transient increase 
and decrease in pH£ occurred when CHO cells were heated at 45 C 
for a period between 5 to 20 min. 
This study confirms that a hyperthermic temperature of 
43 C produced a rapid intracellular acidification in the U-87 
MG glioblastoma. This drop in pHi was partly related to the 
changes in values of water and the intracellular buffering 
components , including HCO, , HPO^2' and imidazole at high 
temperature (Gonzalez-Mendez and Hahn, 1989) . Metabolic 
modification due to heat has also been associated with lactic 
acid production in some human glial and glioma cells (Burdon 
et al. 1984 ) • . 
Most eukaryotic cells possess some forms of pH- regulatory 
,mechanism in the plasma membrane. The two major systems are 
Na+/H+ antiporter and Na}-dependent HC03"/C1' antiporter which 
are activated to extrude protons after an acid load (Madshus, 
1988), The Na+/H+ antiporter can be inhibited by amiloride. 
In the experiment, the presence of Na+/H+ antiporter in U-87 MG 
glioblastoma cells was revealed. The cytoplasmic acidification 
was regulated, at least in part, by these two systems. The 
decrease in pE^ was further enhanced in the absence of 
bicarbonate and/or the addition of amiloride (Table 3.4.1). 
This indicated that these regulatory mechanisms were not 
destroyed during the brief treatment at 43 C (Chu and Dewey, 
1987; Cook and Fox, 1988a). The Na+/H+ antiporter had even 
been suggested to be activated in CHO cells under hyperthermia 
(Chu and Dewey , 1988) , Moreover, the rapid alkalinization 
during the return to 37°C in Fig. 3.4.3B confirmed a 
homeostatic response of proton extrusion. In contrast, 
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failure of proton regulation (Fig. 3.4.3C and 3D) allowed the 
cytosol to remain in acidic condition even after returning to 
the normal physiological temperature. This correlated the 
thymidine incorporation into DNA measured 24 h after 
hyperthermia. Here, the cells incubated with amiloride 
I exhibited a synergistic effect on inhibiting the incorporation 
even at 0.1 mM (Fig. 3.4.6). In addition to the inhibition of 
Na/H+ exchange, amiloride was reported to inhibit protein 
kinase activity of the epidermal growth factor and insulin 
receptors in the plasma membrane (Davis and Czech, 1985). 
Besides its action on plasma membranes, inhibitory effects of 
amiloride (0.4 mM) on RNA and protein syntheses are reported 
(Besterman, et al. , 1984) . Thus, amiloride could have exerted 
a multiple effects on the plasma membrane of the glioblastoma 
in addition to the p ^ regulation. This might explain the 
thermosensitisation of amiloride that was found in Chinese 
Hamster V—79 cells (Miyakoshi et al., 1986)• This study also 
shows that lowering of pHg during hyperthermia did not produce 
similar thymidine incorporation inhibition. This suggests 
that a transient decrease in p ^ might not have a direct effect 
on cell survival. 
The method employed for pH- measurement is different from 
that of other groups which made use of weak acid distribution 
(Chu and Dewey, 1988) or fluorescent dye combined with flow 
cytometry (Cook and Fox, 1988a). In this present case, the pH. 
w a s
 monitored at the time of hyperthermia, which avoided the 
uncertainty of pH. alteration over the time lag between the end 
of hyperthermic treatment and pl^ measurement. Besides, the 
change in pKa values of intracellular buffering components due 
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to the Change in temperature during measurement might be 
considerable. It has been suggested tha cellular esterase 
activity can be modified by temperature which may affect the 
fluorescent dye intensity (Cook and Fox, 1988b). During the 
experiment, 20 min incubation at 37 C during the BCECF/AM 
loading sufficed to allow the entry of the dye and cleavage of 
the ester bonds. The result from the control experiment (Fig. 
3.4,1) had indicated that the change in temperature between 
37 and 43 C had little effect on the BCECF fluorescence. 
Thus, the measured intensity reflected the pH. status of the 
cells . 
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V• Modification of sialic acid 
level in plasma membrane 
In the quantitative analysis of sialic acids with HPLC, 
the red chromophore produced by condensing J3-formylpyruvic 
acid with thiobarbituric acid was separated nicely at 6.5 min 
after injection into the column (Peak 2 Fig. 3.5.1). This 
peak coincided with the standard N-acetylneuraminic acid 
(NANA) which went through the same TBA reaction as the 
samples. N-glycolylneuraminic acid if present, would produce 
the same retention time (Powell and Hart 1986) . So, the peak 
was not unique to NANA, but might consist of a mixture of 
structurally related carbohydrates which produced the same 
chromophore. However, NANA was considered the most commonly 
found, out of a family of sialic acid derivatives in cells of 
many animals (Schauer 1978) . Also, an extra peak appeared at 
14. 3 min (Peak 3, Fig. 3.5.1) with sample of the whole cells 
after acid digestion, which was most probably the chromophore 
from 2-deoxyribose (Powell and Hart 1986). 
The estimation of cell surface sialic acids relied on the 
enzymatic digestion by neuraminidase under conditions where 
enzyme activity had been demonstrated to be optimal in a 
preliminary experiment. The enzyme concentration was chosen 
to be 50 mU/ml as reported by Powell and Hart (1986 ) . A time 
course was done to estimate the amount of sialic acids 
released into the medium and the remaining molecules on the 
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Legend to Figure 3,5,1 
HPLC analysis of TBA chromophores. A typical result 
obtained when 200 pi sample containing approximately 1 nmol 
NANA equivalent was injected into a Clg reverse phase column, 
monitored at 549 nm as described in the Materials and Methods. 
Peak 1 was the sample breakthrough. Peaks 2 and 3 were 
chromophores resulting from NANA and 2-deoxyribose 
respectively. Peak 3 was found only in the acid digest of 
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cell membrane and those inside the cell. Fig. 3.5.2 shows the 
amount of N-acetylneuraminic acid equivalent released at 
various time of digestion of 5 x 108 EAT cells in 0.5 ml by 
neuraminidase, and Fig. 3.5.3 provides a profile of the sialic 
ids remaining in the cells. The amount of sialic acids 
complemented with each other in both graphs and they revealed 
a steady level at 50 min after digestion. This was therefore 
taken as the time for optimal digestion in the later 
experiments. Also, the total amount of sialic acids found in 
the EAT cells was 8.8 nmol/107 cells which was of the same 
order as 4.8 nmol/107 cells in AKTB-lb lymphoma (Powell and 
Hart 1986) . Obviously, the nature of the cell type and its 
size determine the amount of sialic acids on the cell 
membrane. Also, the amount of removable sialic acids by 
enzymatic digestion in EAT cells was roughly 50 % of the total 
cellular sialic acids as obtained after acid digestion. This 
agreed closely with the 47 % obtained after enzyme digestion 
in AKTB-lb lymphoma (Powell and Hart 1986). 
In this study, the amount of sialic acids in each sample 
was quantified y-cutting out the corresponding peak from the 
chart paper, weighed and read against a set of. standards. The 
constructed calibration curve (Fig. 3.5.4) shows a linear 
relationship between the amounts of NANA and weights of the 
peaks, where the samples analysed were made to fall into this 
range• 
n the 37 C control, the amount of cell surface sialic 
acids showed an increasing trend during. the 4 h incubation 
(Table 3.5.1). Mild hyperthermia at 41 C up to 4 h did not 
produce a significant change in the cell surface sialic acid 
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Legend to Figures 3,5,2 and 3,5,3 
Time course of neuraminidase digestion on the EAT cell 
surface. The Figures show the amount of sialic acids in 5 x 
g 
10 EAT cells released into supernatant (Fig. 3.5.2) after 
neuraminidase (50 mU/ml) digestion for various times, and the 
total remaining sialic acids (Fig. 3.5.3) in the cells as 
freed by acid digestion. The quantity was expressed as an 
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Figure 3.5.2 Amount of NANA released from EAT cells after 
neuraminidase (50 mU/ml) digestion. 
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Figure 3.5.3 Amount of NANA remaining after neuraminidase 
(50 mU/ml) digestion of EAT cells. 
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Legend to Figure 3,5,1 
NANA calibration curve. A linear relationship was 
confirmed by using standard NANA which fell into the range of 
the samples analysed. Peak areas were measured by cutting out 
the peak corresponding to the chromophore from sialic acids 
and weighed in an electronic balance. 
• . • • • • . . :.:. I 
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Figure 3.5.4 N—acetylneuraminic acid standard curve 
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^able 3.5.1 Level of cell surface sialic acids in EAT cells 
after hyperthermia. 
Amount of sialic acids after various 
treatment durationsa 
Temperature 
°C zero h 2 h 4 h 
37 100 111 ± 3 120 ± 4 
41 . . 101 ± llb 109 ± 6b 
43 94 ± 4C 87 ± 0. ld
 H 
Sialic acid levels are expressed as percentage relative to 
those of the 37°C control at zero hour which was estimated 
to be 5.02 ± 1,17 nmol NANA per 10 cells. Figures are means 
± S.D. obtained from 2 independent experiments and 
triplicates were performed in each experiment. 
Student's t test, p > 0.05, data are not significantly 
different compared with those of the 37°C control of the 
same treatment duration. 
Student's t test, 0.05 > p > 0.01, data indicate marginally 
significant difference when compared with those of the 37°C 
of the same treatment duration. 
Student's t test, p < 0.01, data are significantly different 
compared with those of the 37°C of the same treatment 
duration. 
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levels (p > 0.05) when compared with the 37 C control 
incubated for the same duration. A decrease in sialic acids 
in the cell membrane occurred at 43°C in a dose-dependent 
manner, whereby the amount remained after 4 h was less than 
those with 2 h incubation. The 4 h incubation at 43 C 
revealed a significant difference (p < 0.01), and the 2 h 
incubation was marginally significant (0.05 > p > 0.01) when 
compared with their corresponding 37 C controls. 
Members of the sialic acid family of compounds 
incorporated in glycoproteins are found in a variety of 
tissues and body fluids (Warren 1959)• The naturally occuring 
sialic acids are substituted neuraminic acid derivatives, 
include N-acetyl-, N-glycolyl- N,O-diacetyl-neuraminic acid, 
which are collectively termed "sialic acids". They play an 
important role in various biochemical functions of cells, such 
as cell adhesion, recognition and growth regulation and as 
receptors for many hormonal peptides (Hakomori 1983). An 
important role of sialic acids in the membrane system has also 
been suggested by Uchida et al. (1981) : the number and linkage 
portion of the sialic acid residues in a DPPC-ganglioside 
mixed dispension affected the molecular packing of hydrocarbon 
cores in the dispension. This is inferred to be the 
contribution of sialic acids in controlling the physical 
properties of lipid organization. 
The present experiments clearly show a shedding of cell 
surface sialic acids in EAT cells during hyperthermia. The 
amount released depended upon the heat dose, ie• temperature 
and duration. The reason for this release is largely unknown. 
Whether it was due to a direct breaking off together with the 
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parent gangliosides from the lipid-carbohydrate interactions 
or a result of increase in lipid fluidity is pure speculation. 
Nevertheless, the consequence of such release is that membrane 
properties are altered giving rise to a change in the tumour 
Physiology in situ. This idea is supported by the fact that 
loss of sialic acids in porcine intestinal brush-border 
membranes by neuraminidase treatment resulted in shifting the 
thermal transition temperature, as well as increases in the 
fluorescence quenching rate for T1+ and decreases in the 
fluorescence life time as measured by the pyrene-labelled 
membrane (Ohyashiki 1987) • It has been suggested that 
membrane lipid fluidity is increased due to desialylation. 
Walter et al. (1983) reported hat treatment of neuraminidase 
of rat erythrocytes resulted in a decrease in the surface 
charge. Whether the alteration in membrane fluidity and 
surface charge could affect the survival of EAT cells in vivo 
is unclear. However, gangliosides in plasma obtained from 
EAT-bearing mice was found to enhance EAT cell growth when 
adoptively transferred with tumour cells into normal mice 
(Saha and Chattppadhyay 1988). Introduction of a ganglioside 
(GMj) isolated from the lipoprotein complex in suppressor 
medium into B-cells in spleen cultures resulted in a 
depression of antibody response, suggesting that suppressor 
modulatory activity is possibly mediated through a ganglioside 
as a part of the cell-surface lipoprotein complex (Esselman 
and Miller, 1977; Freimuth et ai. 1978) . Removal of 
peripheral sialic acid resulted in a decrease of cellular net 
surface negativity, which not only reduced the mutual 
electrostatic repulsion between cells, but also increased 
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their deformability and susceptibility to phagocytosis (Weiss 
et al. 1974) . All of these effects of neuraminidase treatment 
may therefore be expected to affect the adhesion of 
circulating cancer cells to vascular endothelium (Weiss 1973). 
Thus, Yogeeswaran and Salk (1981) have proposed that the 
ability of murine tumour cells to metastasize spontaneously 
from subcutaneous sites is positively correlated with the 
total sialic acid content of the cell in culture, the degree 
to which the sialic acid is exposed on tumour cell surface, 
and, most strongly, with the degree of sialylation of 
galactosyl and N-acetyl galactosaminyl residues in cell 
surface glycoconjugates. Furthermore, other reports have 
indicated that treatment with neuraminidase may enhance the 
immunogenicity of cancer cells (Rios and Simmons 1973) 
possibly by exposing previously inaccessible sites. 
In prospective, it seems that hyperthermic release of 
sialic acids from the cell surface may be related to 
inhibition of tumour proliferation and secondly, enhancing the 
immunoactivity for tumour destruction. 
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VI. Conformational changes of 
nucleolar proteins 
The immunofluorescent, staining of nucleolar protein B23 
in EAT cells and U-87 MG and U-373 MG glioblastoma cells were 
performed as described by Chan et al, (1987 ) . Like the 
previous studies on hepatoma cells ( Chan et al. 1987 Yung et 
al. 1985b), the -control cells at 37 C showed bright nucleolar 
fluorescence (Fig. 3.6.1A). After the cells were treated at 
43°C for 2 h 
or more, the nucleolar fluorescence started to 
diminish, though the rim of the nucleolus still possessed a 
low level of fluorescence (Fig. 3.6.2A). To measure such 
phenomenon, the cells were ascribed according to their 
fluorescent intensity (Chan et al, 1987) . Those cells with 
bright nucleolar fluorescence patterns were classified as "A", 
At the other extreme, those cells exhibiting little or no 
nucleolar fluorescence were classified as "C". • The others in 
between A and C where reduced nucleolar fluorescence occurred, 
were termed as "B". 
Figures 3.6.1 and 3.6,2 show the immunofluorescence and 
phase contrast pictures of EAT cells of control (37°C for 2 h) 
and after hyperthermic treatment at 43 C for 2 h. Control 
cells ( Fig . 3.6.1A) show bright nucleolar f luorescence (A 
pattern). Af ter hyperthermic treatment, a mixture of cells 
showing reduced (B pattern) or no nucleolar fluorescence (C 
pattern) were observed (Fig . 3,6 » 2A). Figures 3.6.IB and 
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Legend to Figures 3,6,1 and 3,6,2 i 
Figures 3.6.1A and 3.6.2A show the immunofluorescence 
Photomicrographs of EAT cells after treatment at 37 (control) 
and 43 C for 2 h respectively. Figures 3•6•IB and 3.6.2B are 
their corresponding phase contrast photomicrographs. The 
letters A, B and C refer to the intensity of nucleolar 
fluorescence as defined in Table 3.6.1 (Chan et al. 1987). 
Note that the cell classified as "C" possessed a vaguely : ; 
defined nuGleoIus as shown in Fig. 3.6.2B ( arrow). (Fig . 




3.6.2B show the corresponding phase contrast pictures of 
control and treated cells. It was observed that the diminution 
of nucleolar fluorescence was associated with vaguely defined 
nucleoli appearing in the phase contrast photograph (Fig. 
3.6.2B). 
Table 3.6.1 summarizes the results of B23 fluorescence 
pattern in EAT cells after hyperthermia at vaious temperatures 
and durations of treatment. Control cells incubated at 37 C 
for 2 h or 4 h presented nearly 90 % of A pattern with about 
10 % in B pattern. When the cells were treated at 41 C for 2 
h, the percentage of cells in B pattern rose to 16 %, and with 
prolonged treatment for 4 h, the percentage of cells in B 
pattern continued to rise to 37 %• Treating the cells at 41 C 
for 2 h or 4 h did not produce cells of C pattern. Exposure 
of the cells to the higher temperature at 43 C resulted in a 
greater incidence of cells in B pattern: 77 % after 2 h and 
7 0 % a f t e r
 4 h of treatment. The number of cells in A pattern 
dropped drastically from 91 % to less than 20 % and those in C 
pattern rose to 11 % in the 4 h treatment group. 
The pattern of nucleolar argyrophilic granules in EAT 
cells was also affected by hyperthermia. This can be seen in 
Fig. 3.6.4 where the silver grains were finer in size and 
greater in number after treatment at 43 C for 1 h, as compared 
w i t h 3 7 c
 control (Fig. 3.6.3) . In general, the silver grains 
were largely concentrated in the nucleoli. To quantify such 
changes, the number of argyrophilic granules in the nucleoli 
were counted and the pattern of distribution was presented in 
Table 3.6.2. The amount of argyrophilic granules in the 
control appeared random, with the highest population (29 %) 
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Table 3.6.1 Changes in nucleolar fluorescence pattern in EAT 
cells induced by hyperthermia 
%
 of cells in each fluorescence pattern4 
Treatment A B C 
37°C, 2 h 89 11 o 
41 C, 2 h 84 16 0 
43 C, 2 h 16 7 7
 7 
37°C, 4 h 91 9 0 
41 C, 4 h 63 37 0 
43 C, 4 h 19 70 11 
Each number represents an average of 5 independent 
experiments. In each case, about 500 cells were scored 
and classified . 
Pattern classification for Table 3.6.1, 3.6.3 and 3.6.4 
(Chan et al. 1987) 
A - bright nucleolar fluorescence. 
B - diminished nucleolar fluorescence. 
C - very little amount of nucleolar fluorescence. 
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Legend to Figures 3,6,3 and 3,6,4 
Figures 3.6.3 and 3.6.4 show the silver staining of EAT 
cells after treatment at 37 and 43 C for 1 h respectively. 
The arrows in both photomicrographs present a comparison of 
the nucleolar argyrophilic granules between the two. There 
appeared a disintegration of the granules into small and 
numerous grains after hyperthermia, (x 810) 
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Table 3.6.2 The effect of hyperthermic treatment at 43 C 
for 1 h on the number of argyrophilic granules 
in EAT cell nuclei 
% of cells with various number of 
argyrophilic granules per nucleusa 
Treatment < 5 6-15 16-25 26-35 > 36 
37°C 25 10 29 ± 5 17 ± 13 10 ± 6 19 ± 15 
43"C 2 ± 2 3 ± 4 5 ± 6 7 ± 7 83 ± 1 5 
Data are mean S.D. obtained from 3 individual experiments. 
Over 200 cells were counted in each case and they were 
categorised according to the number of argyrophilic granules 
present per nucleus. 
201 
possessed 6 to 15 granules per nucleus. After treatment at 
43°C for 1 h, 83 % of the cell nuclei contained over 36 
granules per nucleus. This change of over 200 % increase in 
pa terii seemed to correlate with the decrease in nucleolar 
fluorescence (Table 3.6.1). 
The pattern of diminished nucleolar fluorescence was also 
observed in the 2 glioblastoma cell lines. Table 3.6.3 and 
3,6.4 show the decrease of nucleolar fluorescence in 
glioblastoma cells by hyperthermia with decreased number in A 
pattern cells and increase in B pattern cells. Thus, nearly 
100 % of untreated U-87 MG glioblastoma cells were in A 
pattern. Treatment at 43 C for 3 h caused 86 % of cells to 
shift to B pattern whereas treatment at 43 °C for 6 h resulted 
in having 90 % B pattern cells and 6 % C pattern cells. 
Hyperthermia seems to be less effective in U-373 MG 
glioblastoma cells as far as protein B23 was concerned. As 
demonstrated in Table 3.6.4, treatment at 43 C for 3 h caused 
only 8 % of the cells to appear in B pattern. Prolonging the 
exposure to 6 h increased the B pattern cells to 21 %. 
Comparing these data with the survival of both glioblastomas 
after 4 h hyperthermic treatment (Section I Fig. 3.1.5 to 
3.1.8), they indicated that while heating at 43°C for 4 h 
suppressed their growth, a milder treatment at 41 C was less 
effective. In contrast, temperature at 43 °C was more 
cytotoxic to EAT cells than the 2 glioblastomas (Fig. 3.1•1 to 
3.1.3). This correlates with their decrease in nucleolar 
fluorescence pattern that treatment at 43 C for 4 h increased 
the C pattern to 11 % in EAT cells (Table 3,6•1) whereas a 
higher thermal dose (43 ° C for 6 h) in U-87 and U-3 73 MG cells 
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Table 3.6.3 Changes in nucleolar fluorescence pattern in 
U-87 MG glioblastoma induced by hyperthermia 
% of cells in each fluorescence pattern 
Treatment A B . c 
37 C, 3 h 99 1 0 
41 C, 3 h 89 11 0 
43°C, 3 h 14 86 0 
37 C’ 6 h 99 1 0 
41°C, 6 h 70 30 0 
43°C, 6 h 4 90 6 
Each number represents an average of triplicate 
experiments. In each case, over 500 cells were counted 
and classified• 
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Table 3.6.4 Changes in nucleolar fluorescence pattern in E|! 
0—373 MG glioblastoma induced by hyperthermia 
% of cells in each fluorescence pattern 
Treatment A g 
37 C, 3 h 99 1
 0 I 
41°C, 3 h 99 1
 0 ‘ I 
43 C, 3 h 91 8 ! 
37°C, 6 h 98 2 o 
41°C, 6 h : 93 7 ’.:. .: o ..: .1: 
43 C, 6 h 76 21 3 :: 
Each number represents an average of triplicate 
experiments. In each case, about 500 cells were counted 
and classified. 
‘ “ '. • * .... : • ‘ •.. - ‘ . 
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only produced'6 % and 3 % C pattern respectively (Tables 3.6.3 
and 3.6.4). 
The anti-proliferative effect of hyperthermia on various 
tumour cell lines (Bhuyan 1979) and on human tumours (Hall et 
al. 1974; Suit and Shwayder 1974; Larkin et al. 1976; Maeta 
et al. 1987; Wen and Dahele 1984) has been reported. Previous 
study also showed that hyperthermia at 41° to 43 ° C is capable 
of suppressing the growth of EAT cells (Fung et al. 1988). 
The mechanism of action of hyperthermia on tumour cells is not 
fully understood• The observation that the transplant ability 
of EAT cells was significantly reduced and the survival period 
of the host mice significantly prolonged when the cells had 
been pre-treated at 43 ° C for as little as 0.5 h suggests that 
the cytotoxic action of hyperthermia on EAT cells may involve 
relatively rapid and possibly irreversible biochemical events 
in the cells. 
It has also been observed that hyperthermia could reduce 
the rate of glucose uptake, the density of glucose transporter 
as well as the extent of thymidine, uridine and leucine 
incorporation in EAT cells (Fung et al. 1988). In this study, 
the effect of hyperthermia on protein B23 in mouse EAT and 
human glioblastoma cells was investigated. Many anti-tumour 
drugs have been reported to induce £23 translocation in human 
HeLa cells (Chan et al. 1985; Yung et al. 1985a, 1985b, 1986), 
in rat Novikoff hepatoma cells (Chan et al. 1987) and in mouse 
leukemia cells (Chan et al, 1988). Protein B23 binds to 
certain elements in the nucleolus and plays an essential role 
in ribosome synthesis in tumour cells (Yung et al. 1985b, 
1986) . Hyperthermia results in an over-accumulation of 
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fibrillar RNP with no evidence of granular RNP (Simard and 
Bernhard 1967). Protein B23 was found to be a non-histone 
protein which was associated with the preribosomal RNP 
particles in the granular regions of the nucleolus. Under 
•j electron microscope, the argyrophilic granules have been found 
in the fibrillar regions but never in the granular regions 




with EAT cells revealed a dispersion of the nucleolar 
argyrophilic granules from large lumps to small and fine 
granules after hyperthermia at 43 C for 1 h (Fig. 3.6.3 and 
3.6.4), In connection with these findings, Zhao et al. (1988) 
j observed a decrease in silver-stained particles in the 
nucleoli of EAT cells following 41 C hyperthermic treatment 
for 30 min. This discrepancy might be due to differences in 
experimental conditions. Thus, hyperthermia can cause a 
dispersion of nucleolar argyrophilic granules as well as a 
lowering of nucleolar fluorescence. 
The decrease in nucleolar fluorescence was temperature and 
time dependent. As shown in Table 3.6.1, increasing the 
incubation temperature or prolonging the duration brought 
about a diminution in nucleolar fluorescence (higher incidence 
of B pattern) in EAT cells. Elevating the temperature from 
41° to 43 ° C caused the percentage of cells in B pattern rose 
from 16 to 77 % after 2 h. EAT cells incubated at 41°C showed 
an increase in B pattern cells from 16 to 37 % after the 
. • . • 
incubation period had been lengthened from 2 to 4 h. 
It also appeared that the effectiveness of hyperthermia 
on protein 623 varied according to different cell lines. 
While both U-87 MG and U-373 MG are human glioblastomas, their 
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fluorescence pattern differed with the same thermal dose 
(Table 3.6.4 and 3.6.5). U-87 MG glioblastoma cells appeared 
to be more susceptible than U-373 MG which responded little to 
the hyperthermic alteration of fluorescence pattern. 
The mechanism of the reduction of the nucleolar 
fluorescence following hyperthermia remained unknown. One 
possible reason was that protein B23 was vulnerable to high 
temperature that resulted in conformational change in the 
molecule. This change might lead to an alteration of affinity 
of the antigenic sites. This was supported by the fact that 
granular RNP could be transformed to fibrillar RNP which 
involved configurational changes in the molecules at 43 °C 
(Simard and Bernhard 1967) . However, this is by no means the 
only cause. When this immunofluorescence assay was done on 
EAT cells treated at 43°C for 1 h and post-incubated at 37°C 
for 20 h, the majority of cell population exhibited a decrease 
in nucleolar fluorescence (Data not shown). This was 
associated with a decrease in viable cells at the same time 
(Section I, Fig. 3.1.1). In contrast, the change in 
fluorescence pattern was small if the assay was done just 
after treatment at 43°G for 1 h, when compared with 37°C 
control. On the other hand, the reason for the dispersion of 
nucleolar argyrophilic granules is uncertain. Since the 
number of granules was related to the rate of nucleolar 
synthesis of pre-ribosomal 45s rRNA (Busch et 1979) , the 
observed dispersion of the argyrophilic proteins would lead to 
an interruption of rRNA synthesis under hyperthermia. It is 
evident that cell death due to hyperthermia correlates with 
certain heat-sensitive elements which are associated with 
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protein B23 in the nucleolus. 
The observation that hyperthermia could suppress [3H]-
uridine incorporation in EAT cells (Fung et al. 1988) is 
consistent with the present observation that nucleolar protein 
B23, which is involved in rRNA synthesis, is affected by high 
temperature . 
Iji conclusion, the nucleolus seems to be one of the 
targets where cytotoxic hyperthermia exerts its effects. How 
the susceptibility of cells to such an attack associates with 
the disappearance of nucleolar protein B23 fluorescence would 
require further investigation. 
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VII• Hyperthermic effect on 
acetylation of nuclear proteins 
In this experiment, both histones and nuclear acidic 
proteins obtained from EAT cells in vivo after whole body 
hyperthermia were investigated for their degree of 
acetylation. To ensure that heat did not alter the rate of 
entry of [^I]-acetate through the cell membrane, a time course 
of the uptake of [JH]-acetate was performed after EAT-bearing 
mice was heated at 40.5°C for 1 h. Figure 3.7.1 shows that 
the in vitro uptakes by both control and heat treated EAT 
cells were similar. So, heat did not in any way hinder the 
uptake of acetate into EAT cells. The SDS-PAGE separation of 
acidic proteins of control EAT cells is shown in Fig. 3.7.2 
and its scanned Coomassie stained profile was put together 
with the scanned fluorograph which shows the radioactive 
protein bands (Fig. 3.7.3). When both the control (Fig. 
3.7.3) and heat-treated samples (Fig. 3.7.4) were compared, 
there was no detectable difference in terms of the level of 
acetylation of individual proteins, except that a 78-kD band 
exhibited an increased acetylation after heat treatment. This 
phenomenon disappeared 24 h after (result not shown), meaning 
that the observation was only transient. 
It has been reported by several investigators that 
nuclear acidic proteins are highly heterogeneous in comparison 
with histones, and may be involved in the regulation of gene 
209 
• ‘ _ ‘ )!| ‘ 
Legend to Figure 3,7,1 | 
Acetate uptake in EAT cells in vitro after hyperthermia. 
EAT—bearing mice were heated at 40.5 C for 1 h. The [3H 
acetate uptake was performed by incubating 1 yCi (2.18 
Ci/mmol) per 106 cells in 0.2 ml incubation buffer consisting 
of 140 mM NaCl, 5 mM KG1, 2 mM CaCl2, 1 mM MgS04 , 1 mM Na2HP04 , 
25 mM HEPES, 20 mM NaHC03 and adjusted to pH 7.4. After the 
time indicated, the cells were diluted with cold incubation 
buffer containing 1 mM sodium acetate, centrifuged and 
dissolved in 0.1 ml 0.1 % Triton X-100. Each sample was f 
counted after the addition of 1 ml scintillation fluid. EAT- | 
bearing mice at room temperature were used as controls, 
• - Controls 
• - Treated mice 
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Fig. 3.7.1 Effect of hyperthermia at 40.5°C on the 
acetate uptake in EAT cells in vitro 
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Legend to Figures 3,7,2, 3,7,3 and 3,7,4 
Analysis of the incorporation of [H]-acetate into nuclear 
acidic proteins of EAT cells after hyperthermia in vivo. The 
photograph (Fig. 3.7.2) shows the Coomassie stained nuclear 
acidic,proteins of EAT cells separated by a 9 % discontinuous 
SDS-PAGE. The arrow points to the 78 kD protein band where an 
increase in acetylation was observed after hyperthermia in 
vi vo. Details of the experiment were given in the Materials 
and Methods. About 200 yg nuclear acidic proteins was 
separated in the SDS-PAGE. The gels were stained with 
Coomassie blue and scanned at 632.8 nm ( -). It was then 
processed for fluorography and the developed X-Omat film was 
scanned at 632.8 nm ( ). The two scanned profiles were put 
together and the no treatment control (Fig. 3.7.3) was 
compared with the heat treated EAT cells (Fig. 3.7.4), Notice 
the increase in absorbance of the 78 kD band (arrow) in the 
fluorograph of the treated group * 
212 
^ •…. ‘ . . • , ... .” I 
- … Cathode 
^ i!1 
. . . . . ‘ •.:::
 :




' 1  
——78 k D 
L| 




j f j |: 
Anode 
Figure 3.7.2 
, “ . - • - . - • • [{ ' 





5 : ^ ^ + 2 I ! 
0 ^ x / J 1 L 0 
o 2 . 5 5 . 0 7 . 5 10 .0 




_ , • I;. 
‘ I : 
78-kD 
\ - 0.4 ^ 
I 0.75 . 
… pM,/ I : 
s
 I uUk.,.Ayj- -1 
^ ‘0.25 h / ,!. \ rJs ^ \ 
^ w i : 
0 u 1 1 I M 0 0 2.5 5.0 7.5 10.0 




expression (Shelton and Neelin 1971; Teng et al. 1971). it 
has also been found that a group of nuclear acidic proteins 
were selectively modified by acetylation and phosphorylation 
during the early event of hormone action (Libby 1972; Johnson 
and Allfrey 1972; Liew et al. 1973). —In this study, 
hyperthermia at 40,5 C altered the level of acetylation of the 
protein band at 78-kD. Whether this change will affect 
certain gene transcription is unknown. A specific detailed 
investigation in this protein in relation to gene regulation 
may be necessary• 
When the histories of EAT cells were isolated and examined 
by acid-urea gel, it was found that HI and H4 were well 
separated but H3, H2b and H2a overlapped with each other (Fig. 
3,7.5 and 3.7.6). So, during the measurement of acetylation 
the H3, H2b and H2a were grouped as one band. It was noted 
that (Fig. 3.7.6) apart from the histories where they were 
acetylated, other basic proteins with higher molecular weights 
were also acetylated. When the acetylation after heat 
treatment was compared with the untreated control, a general 
increase in acetylation was observed in all groups of histone 
(Table 3.7.1), 
The reason for such increase in histone acetylation is 
unknown, but the effect could pose the cells to activate 
transcription in the DNA. During early investigation, Allfrey 
et al. (1964) discovered the post-translational acetylation of 
NH terminal lysine residues of the core histones. It was 
proposed that postsynthetic acetylation of histones has key-
function in determination of active genes (Reeves 1984). By 
the formation ;of e-N-acetyl lysine residues which decreases 
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Legend to Figures 3,7,5 and 3,7,6 I 
• I I 
.1 
-a * ^ . _ 
Electrophoretic separation of histones from EAT cells. 
The photograph (Fig. 3.7.5) showed a typical separation of 
isolated histones (50 pg) separated by acid-urea gel 
electrophoresis. The HI and H4 subgroups were well separated, 
whereas the H3, H2b and H2a overlapped with each other. The ‘ | 
gels were stained with Coomassie blue and scanned at 632,8 nm :: 
^ )• t was then processed for fluorography and the ! 
developed X-Omat film was scanned at 63 2.8 nm (-—-). Figure 
3.7,6 represents the two scanned profiles. 
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Table 3.7.1 Acetylation of histories in EAT cells in vivo 
immediately after hyperthermic treatment at 
40.5°C for 1 h 
i 
Relative acetylation 
HI H3 + H2b + H2a H4 
1.5 1.9 2.2 
. ... , 
Each figure represents the amount of acetylation in a 
histone sub-group per unit protein relative to the no 
tiveatmen control. The result was obtained from 2 
independent experiments. Details of he procedure were 
described in the Materials and Methods. 
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the positive charge of the NH terminal domains of the 
histories, it weakens the binding of histories to the DNA, thus 
facilitating the accessibility of chromatin for transcription 
(Doenecke 1982). It is suggested that acetylation does not 
occur randomly among possible acetylation sites, but in a 
highly ordered way (Chicoin et al. 1986 Couppez et al, 1987), 
Therefore, different sites are acetylated for different 
biological functions. A hypothesis has been proposed that 
acetylation serves as a specific signal that modulates the 
interaction of histories with DNA and other proteins and also 
the stability of higher order folding of chromatin (Loidl 
1988). Thus acetylation of pre-existing histones occurs in 
chromatin whenever these have to be removed from DNA during 
DNA replication, transcription and cell differentiation. 
Study relating DNA replication in EAT cells has indicated that 
treatment with alkylating anti-tumour agents causes a 
significant depression of histone acetylation that parallels 
the suppression of tumour proliferation (Zwierzina et al. 
1984) . In this case, all core histone are affected. Recent 
study by Talasz et al. (1990) has shown that in both benign 
and malignant proliferating tissues, but not in quiescent 
tissue, histone acetylation is depressed by alkylating agents 
and this suppression correlates with the inhibition of the 
thymidine incorporation. This suggests that the inhibition of 
the replication is associated with depressed histone 
acetylation. 
The results in this study indicate that mild WBH at 
40.5 C results in 1.5 to 2 fold increase in acetylation of all 
histone in EAT in vivor which implies a preferential 
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proliferation of the tumour after the stress. This could be a 
mechanism of survival against external cytotoxic agent. This 
acetylation was rather specific to nucleohistones, since the 
nuclear, acidic protein showed no overall increase in 
labelling. It would be interesting to compare the acetylation 
status in normal tissue, such as liver, to see whether this 
increase is universal in hyperthermic treatment of mammalian 
cells• 
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VIII- Induction of 72-kD heat 
shock protein 
The immunofluorescent technique has been used to study 
the cellular localization of 72—kD heat shock protein (72—kD 
HSP), An intracellular translocation of this protein was 
observed after hyperthermia, and it differed among the cell 
lines investigated. The results are reported herewith. 
In staining for 72-kD HSP, both the U-87 MG and U-3 73 MG 
glioblastomas showed moderate background fluorescence (Fig. 
3.8.1) under normal physiological temperature when compared 
with the PBS control, that is, without incubation with the 
monoclonal antibody for 72-kD HSP, This suggests a 
constitutive expression of the protein which was also found in 
many human cell lines "(Wu and Morimoto 1985 ) . On the 
contrary, the murine cell lines, EAT and BALB/3T3 cells gave 
little or no background fluorescence (Fig. 3.8. 5) . Heating 
for li h in EAT and U-87 MG cells at the mild hyperthermic 
temperature of 41.5 C elicited no change in fluorescence 
patterns even after 24 h. However, hyperthermia a 43 C for 
or 3 h in U-87 MG cells produced nucleolar fluorescence 
immediately after heat treatment (Fig. 3.8.2) . At 6 h after 
the start of the treatment, some cells started to show a 
depleted nucleolar fluorescence with a slight increase in 
nuclear fluorescence (Fig. 3.8.3). As shown in Fig. 3.8.4, a 
different look occurred 24 h after, that, bright cytoplasmic 
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Legend to Figures 3,5,2 and 3,5,3 
Immunofluorescence test for 72-kD heat shock protein 
(HSP) induced in U-87 MG glioblastoma cells. Figure 3.8.1 was 
the no treatment control which appeared with a background 
fluorescence in the whole cell. When treated at 43 C for 3 h, 
nucleolar fluorescence appeared immediately (Fig. 3.8.2). 
After 6 h, apart from a continuous nucleolar fluorescence, 
some cells possessed cytoplasmic fluorescence (Fig. 3.8.3) 
and after 24 h, the nucleolar fluorescence disappeared with 
the emergence of bright cytoplasmic fluorescence (Fig. 3.8.4). 
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a n d n u c l e a r
 fluorescence was observed and at the same time 
with the disappearance of nucleolar fluorescence. The 
occurrence of 72-kD HSP in U-373 MG cells after hyperthermia 
was more or less the same as that of U-87 MG cells. This was 
similar to the pattern discovered in the rat embryo 
fibroblasts (REF—52) that was examined in the same way (Welch 
and Suhan 1986 ). 
No change was observed in EAT cells immediately after 
heating at 43 C for 1| h (Fig. 3.8.6). Nucleolar fluorescence 
in some cells appeared 4 h after the start of the treatment. 
A 24 h, a few cells showed bright cytoplasmic and nuclear 
fluorescence but the rest exhibited only dim fluorescence 
(Fig, 3.8,7), In this case, the cell population could consist 
of some dead cells, as this thermal dose was shown to be 
lethal to EAT cells (Section I Fig, 3.1.1), 
The synthesis of 72-kD HSP in BALB/3T3 cells behaved 
similarly after hyperthermia. Bright nucleolar fluorescence 
w a s
 observed when the cells were heated to 43 C for 3 h, but 
no change in fluorescence was obtained if the heating duration 
was li h. .Ira the former, some cells revealed bright 
cytoplasmic fluorescence too. The pattern changed somewhat 6 
h after the start of the treatment at 43 C for either lj or 3 
h that bright cytoplasmic fluorescence occurred together with 
diminished nuclear fluorescence and dark nucleoli. The 
cytoplasmic fluorescence continued to occur 24 h after. 
A general pa tern of translocation of 72-kD HSP in these 
cells follows the sequence: hyperthermia first induced a 
sudden concentration of this protein in the nucleoli, it then 
slowly passed or diffused outwards into the nucleus and then 
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Legend to Figures 3,8,5 to 3,8,7 
Immunofluorescence
 t e s t f o r 7 2- kD HSP induced in EAT 
cells in vitro. Figure 3.8.5 represents the no treatment 
control which appeared to possess little or no background 
fluorescence when compared with PBS control, When heated at 
43 C for 1| h, no change in immunofluorescence occurred as 
shown in Fig. 3,8.6 (cf. U-87 MG cells in Figv 3.8.2). After 
24 h the bright cytoplasmic and nuclear fluorescence occurred 





into cytosol. Among the cells tested, the normal cell line 
BALB/3T3 seemed to assume a faster pace with this changes of 
pattern. 
The level of the 72-kD HSP in whole cell lysate detected 
by SDS-PAGE and Western blotting suggested that its production 
depended on the cell type and thermal dose. Both U-87 MG and 
U-373 MG glioblastomas showed a constitutive synthesis of this 
protein as indicated in the 37 C control of the nitrocellulose 
paper (Fig. 3.8.9) . Hyperthermia at 43 C for 2 h enhanced a 
progressive synthesis which continued up to 48 h post-
treatment (Fig. 3.8,11 and 3.8.12). While the level of 72-kD 
HSP in U-87 MG cells was maintained at 9.7 times the basal 
amount at 48 h, the level in U-373 MG cells was 25 times that 
of the 37 C control. In fact, Coomassie stain of the U-373 MG 
SDS-PAGE on 24 h sample showed an increase in staining at the 
72-kD position (Fig. 3.8.8). Also notice in Fig 3,8.9, apart 
from the 72-kD position, there were other protein bands that 
seemed to be immunologically reactive with the anti-72 kD HSP 
monoclonal antibody. They were identified as 110-kD, 42-kD 
and 38-kD protein. The nature of these proteins was unknown, 
but could possess certain protein sequence that was homologous 
to the 72-kD HSP. The two low molecular weight protein bands 
were unlikely to be a result of the breakdown of the 72-kD HSP 
subunits during the procedure because the intensity did not 
correspond to the amount of 72-kD HSP in all samples (Fig. 
3.8.9). However, the 110-kD protein behaved rather strangely 
in that it disappeared immediately after heat treatment, but 
regained its existence 6 h after the start of the heating 
procedure. Somehow, these immunologically related proteins 
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Legend to Figures 3,6,3 and 3,6,4 
Separation and detection of 72-kD HSP in U-87 MG and U-
373 MG glioblastomas. Figure 3.8.8 shows the separation of 
whole cell lysate separation in a 9 % discontinuous SDS-PAGE 
stained with Coomassie blue.- Lane 1 is the molecular weight 
markers where the numbers represent the molecular mass in kD. 
Lanes 2 to 4 contain 15 jig lysate each from U-373 MG cells, 
and lane 2 is the 37 C control. Lane 3 contains sample 
obtained immediately after treatment at 43 C for 2 h and lane 
‘
4 i s t h e h e a t
 treated sample after 24 h. Notice the increase 
in Coomassie staining intensity at the 72-kD protein band 
(arrow). The corresponding Western blotting is shown in Fig. 
3.8.9, where the 72-kD HSP was detected by anti-72 kD HSP 
monoclonal antibody and stained with alkaline phosphatase 
reaction which gave rise to purple colour (dark bands in the 
black and white photograph). Lanes 1 to 3 are cell lysates 
from U-87 MG cells and lanes 4 to 6 are from U-373 MG cells. 
Lanes 1 and 4 are 37dC control whiqh exhibit a constitutive 
expression of the 72-kD HSP. Apart from the 72-kD HSP, 
protein bands at 110 kD, 42 kD and 38 kD were also stained. 
Immediately after heat treatment a 43 C for 2 h, the 72-kD 
staining remained unchanged, but the band at 110 kD 
disappeared (lane 2 and 5). The staining for the 72-kD HSP 
became more intense 24 h after (lane 3 and 6) with the 
reappearance of the 110-kD protein band. 
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seem to be sensitive to hyperthermia and an intimate 
relationship between the 72-kD and 110-kD proteins cannot be 
excluded. 
EAT in vitro and BALB/3T3 cells exhibited little or no 
detectable amount of 72-kD HSP in the 37 C control (Fig. 
3.8.10 3.8.13 and 3.8.14). This result agrees with the 
immunofluorescence assay that little fluorescence was 
observed. As shown in Fig. 3.8.13 and 3.8.14 heating at 43 C 
for 1 h in EAT cells in vitro and 1 or 2 h in BALB/3T3 cells 
showed no change in the;72-kD HSP immediately after the 
treatment.. The protein started to appear after 6 h in both 
cases. In EAT cells in vitro, the 72-kD HSP production was 
maintained even 2 days after the induction by hyperthermia to 
a level 2,5 times the amount at 6 h. Whereas 1 h heating at 
43 C in BALB/3T3 cells gave rise to a low level of 72-kD HSP 
throughout the time up to 48 h, the 2 h treatment at 43 C 
enhanced the synthesis to 6 times he level at 6 h one day 
after the treatment. As opposed to EAT cells in vitro, the 
72-kD HSP dropped to a low level the next day. Thus, the 
synthesis of 72-kD HSP .in BALB/3T3 cells followed a dose 
dependent manner. Contrary to the glioblastomas, these two 
murine cell lines revealed no 110-kD, 42-kD and 38-kD protein 
in the Western blotting (Fig. 3.8.10). 
In another experiment, EAT cells in vitro and BALB/3T3 
cells subjected to mild hyperthermia at 40.5 °C for 1 h were 
unable to initiate the 72-kD HSP synthesis to a detectable 
level (Data not shown). Again, this agrees with the previous 
immunofluorescence assays, that mild hyperthermia produced no 
visible effect on the synthesis of this protein in EAT cells 
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Legend to Figure 3,8,10 
Detection of 72-kD HSP of EAT cells in vitro by Western 
blotting. Each lane consists of 15 pg cell lysate separated 
by 9 % discontinuous SDS-PAGE, blotted onto the nitrocellulose 
membrane and detected by anti-72 kD HSP monoclonal antibody. 
Lanes 1 and 4 are 37 C controls at zero and 24 h respectively. 
L a n e 2
 ^presents cell lysate which was isolated from £AT 
cells immediately after heat treatment at 43 C for 1 h. Note 
that the 72-kD HSP is undetectable in these cases. 72-kD HSP 
appeared visible 6 h after treatment (lane 3). The intensity 
of the staining increased at 24 h and 48 h after the 
treatment, as shown in lanes 5 and 6 respectively. 
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Legend to Figures 3,7,2, 3,7,3 and 3,7,4 
Induction of 72-kD HSP after hyperthermia
 vitro, Each 
cell line was heat treated at 4—3 C for the stated duration and 
then incubated at 37 C in 5 % C02 and 95 % air for recovery. 
Hyperthermia started at zero hour. The cells were taken out 
a t t h e t i m e
 indicated and whole cell lysates were used for the 
detection of 72-kD HSP, The amounts of 72-kD HSP were 
estimated by scanning the 35 mm black and white negatives 
Photographed from the nitrocellulose membranes. Their levels 
W e r e e X p r e s s e d a s t h e
 relative amount to the ^no treatment' 
controls in cases of U-87 MG and U-373 MG cells (Fig. 3.8.11 
and 3.8.12), and to the 6 h treated groups in cases of EAT 
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Time a f te r hyper thermia 
Figure 3.8.11 
Induction of 72-kD HSP by hyperthermia at 43° C for 2 h 
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2 H 7 H 24 H 48 H 
Time af ter hyper the rmia 
Figure 3.8.12 
Induction of 72-kD HSP by hyperthermia at 43°C for 2 h 
, in U-373 MG glioblastoma cells 




1 H 6 H 24 H 48 H 
Time af ter hype r the rmia 
Figure 3.8.13 
Induction of 72-kD HSP by hyperthermia at 43°C for 1 h 








2 H 6 H 24 H 48 H 
Time af ter hyper the rmia 
Figure 3.8.14 
Induction of 72-kD HSP in BALB/3T3 cells after 
hyperthermia at 43°C for either 1 or 2 h 
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i n v i t r o
 as well as U-87 MG glioblastoma. 
On the other hand, the results of whole body hyperthermia 
(WBH) in EAT bearing ICR mice revealed a somewhat different 
picture. First, the control EAT cells in vivo and normal 
liver cells in mice showed an undetectable amount of 72-kD HSP 
throughout the course of EAT cell growth from DAY 3 to DAY 7 
after inoculation on DAY 0. This suggests that the stress due 
to tumour proliferation in situ was unable to induce the 72-kD 
HSP synthesis in both EAT cells and liver cells. This did not 
include the production of other heat shock proteins which were 
not studied in this experiment. For example, a 25-kD heat -
shock protein was also demonstrated to express in EAT cells 
during hyperthermia (Oesterreich et ai. 1990) 





c f o r
 1 h initiated the 72-kD HSP synthesis in both liver 
and EAT cells from 6 h to 48 h after the start of the 
treatment (Fig. 3.8.15). While the 72-kD HSP was maintained 
at a steady level throughout this period in EAT cells in vivo, 
it peaked a 24 h in liver and then dropped again to a low 
level on the following day. In particular, the amount of this 
protein in liver at 24 h was 81 % (on a per mg protein basis) 
more than the EAT cells in the same instance. This 
comparison, however, did not take into account the possible 
difference in the total cellular protein between the two cell 
types. Also, in this case, the 42-kD and 38-kD protein but 
not the 110-kD protein (as observed in the glioblastomas) were 
detected in the Western blotting. 
Heat shock proteins (HSPs) have often been associated 
with the phenomenon of thermotolerance, in .many cell types 
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Legend to Figure 3,8,10 
Induction of 72-kD HSP in EAT and liver tissue after 
hyperthermia in vivo. EAT-bearing mice which were inoculated 
• g 
with 1 x 10 EAT cells per mouse 3 days earlier were treated 
with whole body hyperthermia (WBH) at 40.5 C for 1 h. The 
mice were returned to room temperature and sacrificed at the 
indicated time to test for the presence of 72-kD HSP in the 
EAT cells and the liver. The amount of 72-kD HSP was 
estimated as before and expressed relative to the liver of the 
treated group at 6 h. No 72-kD HSP was detected in the lno 
treatmentJ controls throughout the entire experiment period 
from DAY 3 to DAY 7. The protein diminished in both EAT cells 
and liver 3 days after the WBH. Each value is an average of 
samples from 3 mice. 
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h i 
1 H 6 H 24 H 48 H 
Time af te r hyper the rmia 
Figure 3.8.15 
Induction of 72-kD HSP in EAT cells and liver after whole 
body hyperthermia in EAT-bearing mice at 40.5°C for 
1 h 
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including prokaryotic and eukaryotic cells. In virtually all 
cells, the major HSPs (also termed stress proteins) have 
a P P a r e n t m
°
l e c u l a r
 masses of approximately 70 and 90 kD. In 
addition, some cells exhibit other HSPs with apparent 
molecular masses of 28, 80, 100 and 110 kD (Schlesinger et al. 
1982). To date, the function of none of the proteins has been 
elucidated, though their intracellular locations may hint at 
W h a t t h e y w i l 1
 Perform during and after an heat shock or a 
S t r e S S
' Biochemical and immunological studies have shown that 
the 80-kD and 100-kD minor stress proteins of mammalian cells 
are identical with the glucose-regulated Ca2+-ionophore-induced 
proteins (Welch et al. 1983) and are associated with 
intracellular membranous organelles; the 100-kD protein, for 
example, is found primarily in the Golgi apparatus. 
Welch and Feramisco (1984) showed that the 72-kD HSP is 
found in both cytoplasm and nucleus. The nuclear distribution 
coincides with both nucleoli and or other areas of condensed 
chromatin, Immunofluorescence study on the induction of 72-kD 
HSP after hyperthermia in
 r at embryo fibroblast (REF-52) cells 
have shown that after 3 h heat treatment at 42.5°C, most of 
the 72-kD HSP localized within both nucleus and nucleolus 
(Welch and Suhan 1986). With increasing times of recovery, 
much of the protein began to accumulate within the cytoplasm 
and by 8 h of recovery only 20 % of the cells still exhibited 
a nucleolar distribution of the protein. By 24 h of recovery, 
only half of the cells still exhibited 72-kD staining which 
was confined to the nuclear and perinuclear region. This was 
similar to the findings in this study with the BALB/3T3 cells. 
The glioblastomas and EAT cells appeared similar, but the 
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duration of the events were extended somewhat. Thus, the rate 
of recovery after hyperthermia, in terms of 72-kD synthesis 
m a y d e P e n d much on the cell type, as BALB/3T3 and REF-52 
are both normal mouse fibroblasts. Also in the same study, 
Welch and Suhan (1986) observed an increase in 72-kD HSP 
translation up to 7 h after hyperthermia but subsided after 24 
h. From Fig. 3.8.14, the highest level of 72-kD HSP occurred 
at 24 h after hyperthermia in BALB/3T3 cells. In other words, 
translation did not slow down, not until 24 h after. However, 
the other three tumour cell lines in this experiment exhibited 
a continued synthesis of 72-kD HSP (Fig. 3.8.11 to 3.8.13), 
with the highest rate of increase in U-373 MG cells. Whether 
this was a function of both continuous synthesis and long 
half-life of the protein remains to be seen. It seems 
interesting that normal liver cells (Fig. 3.8.15) exhibited a 
similar profile of 72-kD HSP production to that of BALB/3T3 
cell, that also peaked at 24 h. This could be an important 
point regarding the susceptibility of hyperthermic killing, . 
that cells which show both the fastest decay in stress protein 
synthesis and corresponding resumption in normal protein 
synthesis patterns generally show the highest survival rates 
(Subjeck and Shyy 1986; Hatayama et al. 1992). 
Insofar as the murine cell lines are compared, EAT cells 
did not exhibit a rapid decrease in 72-kD HSP during recovery 
and were more thermal sensitive than BALB/3T3 cells. 
Furthermore , both murine cell lines and the mouse liver did 
not possess a constitutive 72-kD HSP synthesis as such, 
whereas the two glioblastomas exhibited a definite amount of 
this protein in the unstress condition. It is thought that 
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the constitutional levels of HSP are the guarantors of normal 
level of cell resistance to heat and other stresses. This is 
reinforced by the finding that the cells not expressing normal 
levels of HSP are very thermosensitive (Johnson and Kucey 
1988). The survival test in this study has demonstrated that 
this could in fact be the case. The U-87 MG and U-373 MG 
cells could withstand better with hyperthermia at 43 C for 2 h 
than the murine cell lines whose survival are severely 
curtailed at this heat dose. 
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General Discussion 
The study on the effects of hyperthermia has been 
concentrated in three areas, namely, 1. the sensitivity of the 
chosen cell lines towards hyperthermic cytotoxicity, 2. 
effects on cell membrane, and 3. effects on nuclear proteins 
in relation to their functions in DNA replication, RNA and 
protein synthesis . 
A. Hyperthermic cytotoxicity 
Heat between 40 and 45 C have been established to be 
cytotoxic to both normal and tumour cells (Hahn 1982; Dewey et 
a l
.
 1 9 8 0; Streffer 1985). As indicated in the Literature 
Review, the cause of cell death can be of multifold. It seems 
reasonable to assume that cells are killed as a result of 
thermal damage to one or more subcellular and macromolecular 
systems . 
In a lethal event due to hyperthermia, 103 to 105—fold 
more energy is expended than that expended by ionizing 
radiation (Hahn 1982). Such large amounts of energy input 
cause multiple effects which confound elucidation of the 
mechanisms leading to cell death. The situation is further 
complicated by the wide variety of cell types and heating 
conditions employed by different investigators in their 
studies. Interphase cell death, measured in terms of cell 
lysis, resulting from hyperthermia in cultured cells occurs 
later than 24 h post-heating (Leeper 1985 ) . Therefore, the 
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heat effects, as measured by various cytotoxicity tests, 
observed in cells immediately following heat exposures are 
occurring in physiologically living cells, although a fraction 
are destined to reproductive cell death or interphase cell 
death. 
The best way to determine hyperthermic cell death is 
obviously by clonogenicity test, though it requires careful 
experimental controls and long time for the study. The dye 
exclusion, thymidine incorporation and neutral red uptake that 
have been used in this study are relatively rapid techniques, 
They are only indicative to the level of damage but give no 
exact figure to the number of cells that have died. Hovever, 
they should be good for comparative purposes. It must be 
emphasized that this is why the dye exclusion test for cell 
damage was done on 3 days following hyperthermic treatment in 
order to see the trend of the overall damaging effect. From 
the results, it seems that EAT cells is a good model for 
hyperthermia study since it is relatively sensitive to 
cellular damage (Results and Discussion, Section I).— 
BALB/3T3, a non-transformed cell line from mice, is slightly 
m o r e
 tolerant to heat lethality. Having said that, however, 
this must not be interpreted as a generalisation of 
thermosensitive nature of tumour cells, because there are 
examples to show transformed cells can be more thermosensitive 
or thermotolerant (Harisiades et al. 1975; Hahn 1980). In 
fact, the differential heat sensitivity of tumour cells versus 
normal tissues is generally accepted to be a consequence of 
solid tumour physiology, which is of more clinical relevance. 
To compare the murine (EAT and BALB/3T3) cell.lines with the 
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human glioblastomas, the latter are definitely more 
thermotolerant. When trypan blue exclusion test was employed, 
both U-87 MG and U-373 MG human glioblastoma cells have shown 
similar response, which agrees with other findings when the 
cells were heated at 45 C (Raaphorst et al. 1991) . However, 
the thymidine incorporation study have revealed a difference 
in response in these two glioblastomas. 
The Arrhenius analysis of the precursor incorporation in 
EAT cells has essentially demonstrated that the chain of 
reactions leading to the synthesis of DNA, RNA and proteins 
are inhibited by hyperthermia (Results and Discussion, Section 
I). The change in slopes suggests that at least, two 
different mechanisms, one below 42.5 C and one above, are 
involved in the inhibitions. This is similar to the response 
to heat of the many other cellular events and cell survival 
demonstrated by Field and Morris (1983). However, the 
straight line response of inhibition of thymidine 
incorporation suggests no change in the inhibition mechanism 
throughout this temperature range. It is not surprising to 
see that two (or even more) mechanisms, each to be important 
at certain temperature range, are involved in the event 
leading to cell death, since the cell is a complex network of 
biochemical reactions. Some reactions may become more 
determining at a particular temperature when enzymatic 
disregulation is concerned. The same analogy goes with a 
chosen biochemical pathway, such as from the precursors to RNA 
and protein end products. It is, in fact, "unusual" for the 
Arrhenius plot to behave in a straight line in DNA synthesis. 
This means that the inactivation energy in this particular 
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pathway is constant over this temperature range. 
Hyperthermia alone generally requires a fair amount of 
heat energy in order to achieve a cytotoxic dosage, but less 
is required to produce the same cytotoxic effect when combined 
with chemotherapeutics. The study using three different drugs 
combined with hyperthermia has not shown promising results• 
At best, puromycin may act in an additive mannner with 
hyperthermia towards the glioblastoma cells (Results and 
Discussion, Section III) . However, one has to bear in mind 
that the neutral red uptake test may not be sensitive enough. 
Whereas heat treatment at 43 C for 6 h produced a thymidine 
incorporation rate 2.5 % of the control in U-87 MG cells, the 
same heat dose revealed a 71 % survival rate in the neutral 
red test. A better survival test may be required to confirm 
the results . 
Although heating at 41 C for 1 h may not be lethal to EAT 
cells in vitro, whole body hyperthermia (WBH) at 40.5 C for 1 
h in EAT-bearing mice gives a different look. From the 
various experiments done, it seems evident that WBH at this 
dosage is able to prolong the survival of the EAT-bearing 
mice. Somehow the EAT in vi vo is more sensitive to heat 
(Results and Discussion, Section II). It could be that the 
discrepancy between in vitro and in vi vo results may be an 
immunological one. Local curative heating of rabbit VX-2 
tumour protects against the subsequent transplantation of the 
same tumour cells (Dickson and Shah 1982). These animals also 
show an increase in the skin response to challenge with tumour 
extract. However, this increased host-immune response was 
abrogated when WBH followed local tumour heating. So, this 
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study supports the inhibitory effect of hyperthermia on cell-
mediated and humoral immune response. Heat treated EAT cells 
were demonstrated to be immunogenic (Mondovi, et al. 1972), 
but heat itself does not seem to cause an elevated immune 
response in the host (Greely 1992) . It is therefore still 
very much a matter of contention as to whether host immunity 
plays a role in suppressing EAT cell growth. However, other 
factors, such as the physiology of the tumour site may be 
modified during hyperthermia, and consequently enhance the 
suppression of tumour growth in vi vo. 
Nevertheless -, the EAT-bearing mouse is a good model for 
studying hyperthermia in vivo. The possibility for combined 
regime with drugs or other modality is limitless. 
B. Effects on plasma membrane and control of 
intracelluar pH 
After exposure of mammalian tumour cells to high 
temperature, a great number of different morphological and 
physiological alterations may be observed, although it is not 
yet clear whether the changes observed are involved in the 
process of cell killing or elicited as a protective response. 
Ultrastructural studies after hyperthermia in the range of 
41 -45°C have demonstrated variations in the morphology of 
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almost all subcellular structures and cellular membranes 
(eg.in EAT cells), which serve the central roles in 
maintaining the biochemical activities of the cells. The 
morphological and physiological alterations in the plasma 
membrane include changes in cellular surface morphology, 
surface charge, attachment of cells to substrate, binding of 
g r
°
W t h f a c t o r s a n d
 Permeability (Leyko and Bartosz 1986). At 
the same time, heat also induces changes in intracellular 
ionic concentraion (Leeper 1985; Ruitrok et al. 1987) as well 
a S
 decrease in intracellular pH (p^) in CHO cells (Chu and 
D e W e y 1 9 8 8 ) V Overgarrd (1976) suggests that since heat can 
disrupt the normal functioning of the plasma membrane, pH. 
regulatory system can subsequently be damaged. 
This study has demonstrated a loss of sialic acids in the 
Plasma membrane of EAT cells under hyperthermia (Results and 
Discussion, Section V). Whether this could cause a direct 
heat killing effect is yet to be proven. It is known that 
decrease in sialic acid content has been correlated with the 
metastasis of murine tumour cells (Yogeeswaran and Salk 1981), 
the increase in^ de.formability and susceptibility to 
Phagocytosis (Weiss et al. 1974) as well as enhancing the 
immunogenicity of cancer cells (Rios and Simmons 1973). Thus, 
the results may contribute towards inhibition of tumour 
proliferation and enhancing immune response for tumour 
destruction. To this end, it is tempting to suggest that loss 
of a small amount of sialic acids from the plasma membrane of 
the tumour cells would also have occurred in the EAT—bearing 
mice during WBH that could contribute to a probable elevated 
immune response. In addition, hyperthermic acidification 
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which has been observed in this study (Results and Discussion, 
Section IV) may further disturb the normal functioning of the 
EAT cells. 
Contrary to Chu and Dewey (1988) that Na+/H+ antiporter 
which regulates pH. has been suggested to be activated in CHO 
cells, the experiment with U-87 MG cells does not agree that 
this, is the case. The pHi regulators, which probably include 
Na+/H+ antiporter and Na+-dependent HC037C1" has shown a 
transient reduced activity during the first 15 min at 43 C, 
allowing the pH. to become acidic. However, returning to 
normal temperature after 15 min has reverted the acidity, 
suggesting that the pH. regulatory systems are not destroyed in 
such short time. The cause of the lowering of pH. is probably 
a result of change in pKa values of the cellular biomolecules 
which are temperature dependent (Gonzalez-Mendez and Hahn 
1989) as well as metabolic modification, resulting in lactic 
acid production (Burdon et al. 1984) . However, this elevated 
level of protons is not regulated by the transport systems in 
the membrane which normally pump out extra H+ ions. Another 
possibility is that the increase is so large that the number 
of antiporters is incapable of channelling the enormous amount 
of H+ ions. Whatever the cause, the altered membrane structure 
may not direc ly cause cytotoxic effect, but it promotes the 
disturbance of some cellular processess which could be vital 
for the normal cell functioning. Thus, the combination 
treatment of hyperthermia and amiloride produced a synergistic 
inhibition of thymidine incorporation in the U-87 MG cells. 
Or, if the heat dose alone is high enough to produce an 
irreversible damage to the pE^ regulatory system, one would 
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expect an intracellular metabolic alteration which will lead 
to cell death. 
C. Effects on the nuclear proteins 
This study has put a particular emphasis on the 
modification of functional proteins in the nucleolus after 
hyperthermia. The nucleolus, being the most prominent feature 
of the interphase nucleus, is involved in ribosome biogenesis. 
In eukaryotic cells, the nucleolus is the site at which 
ribosomal gene transcription takes place and the machinery 
necessary for the production of ribosomal subunits is 
assembled. The nucleolus is a rather dynamic organelle in 
that its structure, size and organisation depends on ribosome 
synthesis. There are three basic domains that can be 
identified by their morphology; the fibrillar centres (FCs), 
the dense fibrillar component (DFC) and the granular component 
( G C ) * The FCs are considered to be the storage sites of non-
transcribed ribosomal genes, the DFC is the site of 
transcription of these genes and the GC is the site of 
maturation and storage of ribosomal subunits (Sommerville 
1986; Jordan 1991). 
There is a set of proteins which can be identified by 
their ability to reduce silver under acidic conditions found 
during interphase in the nucleoli and their presence is 
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necessary for ribosomal gene transcription (Miller et al. 
1976). They have also been used as markers of 1 active' 
nucleolar organising region (NOR), Electron microscopy has 
confirmed their presence in the FC and DFC but never in the GC 
(Busch et al. 1982). These silver stained proteins have been 
identified to be closely related to the degree of nucleolar 
activity, which is presumbly transcriptional activity 
(Hernandez-Verdun 1991). Thus, Busch et al. (1979) had 
proposed a correlation between the number of silver granules 
and the rates of nucleolar synthesis of pre-ribosomal 45S 
rRNA. 
In this study, heat treatment had initiated the 
disintegration (or dispersion) of he nucleolar* argyrophilic 
granules from large lumps to small granules which could be 
interpreted as a disruption of normal nucleolar functions 
(Results and Discussion, Section VI), The heat has probably 
caused a conformational change of such proteins which then 
become decentralised from the fibrillar region where they are 
originally situated. Hyperthermic treatment of 43 C for 1 h 
in the BHK cells has been reported to be inhibition [3H] -
uridine incorporation into the fibrillar region after a 5 min 
pulse labelling, whereas, the incorporation over the nuclear 
chromatin is much less affected (Simard and Bernhard 1967). A 
correlation can thus be established, that, the proposed heat 
sensitive elements in the nucleolus which deal with the DNA— 
dependent RNA synthesis may be related to the argyrophilic 
granules. The integrity of the latter is dissociated during 
heating and this is probably the cause of disruption of 
ribosome synthesis and this also contributes to the lowering 
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of [ H]-uridine incorporation found in the present study. 
Protein B23, which is one of the major silver stained 
nucleolar proteins in vitro (Lischwe et al. 1979), has been 
studied in order to further investigate the nature of the heat 
sensitive elements in the nucleolus. Being a highly acidic … 
Phosphoprotein (Mr, 37xl03; pi, 5.1), B23 is a major RNA-
associated element that is considered to be one of the factors 
responsible for pre-ribosomal particle assembly (Schmidt-
Zachmann et al. 1987). It binds cooperatively with high 
affinity for single-stranded nucleic acids and exhibits RNA 
helix-destabilizing activity (Hernandez-Verdun 1991) . Protein. 
B23 is mostly located in the GC (Schmidt-Zachmann et al. 1987; 
B u s c h e t a 1
'
 1 9 8 2 ) a nd is associated with the most mature 
nucleolar pre-ribosoraal ribonucleoprotein (RNP) (Dumbar et al. 
1989), This protein, which appears to be involved in the 
later stages of ribosome assembly also seems to shuttle 
between the nucleoli and the cytoplasm (Borer et al. 1989). 
The findings in the present study has indicated that 
protein B23 was vulnerable to high temperature that may result 
in conformational changes in the molecules (Results and 
Discussion, Section VI). These findings fit nicely into the 
proposal by Simard and Bernhard (1967) that granular RNP could 
be transformed to fibrillar RNP which involved configurational 
changes in the molecules at 43 C, I n particular, the 
configurational changes were found to be reversible. However, 
the experiment in EAT did not show a reversibility of protein 
B23 in terms of increased fluorescence when heated at 43 C for 
1 h and allowed 20 h recovery. n this case, the cells were 
rather thermosensitive and so cell death occurred before they 
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could be recovered. Similar findings have been reported on 
the nucleoli of hepatoma ascites tumour cells (Amalric et al. 
1969; Simard et al. 1969). Nucleoli incubated at 44.5 C for 
30 minutes display the disappearacne of granular form of their 
RNP particles associated with a retraction of interaction of 
intranucleolar chromatin. 
A point worth mentioning here is the difficulty in 
defining the silver stained granules in association with 
protein B23. Although the latter is one of the major silver 
stained nucleolar proteins after isolation by 2-D gel 
electrophoresis "( Lischwe et al. 1979 ) , it is only present in 
the granular region (GC) which is never silver-stained, but 
not found in the fibrillar region (FC or DFC) which is stained 
by silver (Schmidt-Zachmann et al. 1987), However, if 
temperature change can reversibly transform the granular RNP 
to fibrillar like, the proteins that make up the structure may 
also have their conformations modified, such as subunit 
assembly and/or disassembly, affecting heir functions in that 
region. 
Although much of this remains speculative, what is known 
is that heat can cause both a conformational change of protein 
B2 3 in the granular region (GC) and the disintegration of 
argyrophilic elements in the fibrillar region (FC). Whether 
protein B23 transforms itself morphologically and becomes 
associted with the fibrillar region after hyperthermia remains 
to be elucidated. However, the ribosome maturation in this 
case will definitely be hindered. The consequence is a slow 
down of protein synthesis and indirectly blocking the rRNA 
synthesis in the dense fibrillar region (DFC). This blocking 
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of rRNA synthesis is further enhanced by the loss of integrity 
of argyrophilic elements. 
To further study the nucleolar protein change after heat 
treatment, it was found that 72-kD heat shock protein (HSP) 
was concentrated in the nucleolus in all 4 cell lines 
investigated (Results and Discussion, Section VIII). This 72-
kD HSP is one of the major HSPs and it is present in both 
cytoplasm and nucleus (Welch and Feramisco 1984). The 
accumulation of 72-kD HSP in the nucleolus during hyperthermia 
is not a single event. Its entry is joined by a large group 
of non-histone nuclear proteins flooding into the nucleus and 
these proteins will associate with the nuclear matrix (Roti 
Roti and Winward 1980). The increase of nuclear protein 
content correlates well with heat induced cell killing (Roti 
Roti et al. 1979; Wallen and Landis 1990) . Other studies on 
rat embryo fibroblast (REF-52) have also indicated a nucleolar 
concentration of the 72-kD HSP after a heat shock (Welch and 
Suhan 1986) . The induction of HSPs has long been recognised 
to be associated with thermotolerance in all cell types. It 
is also a mechanism of survival when the cells experience 
other environmental stresses, such as, heavy metals and oxygen 
deprivation. Direct proof of the causal relationship between 
HSP and thermotolerance has been achieved by microinjection of 
monoclonal antibodies against HSP 70 into fibroblasts 
(Riabowol et al. 1988) . The result was an increase in 
sensitivity to heat treatment when compared with the controls 
which had been microinjected with other antibodies. HSPs are 
now thought to act by stabilizing cell proteins against 
denaturation, promoting the renaturation of partially 
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denatured proteins and assisting other proteins in moving from 
on part of the cell to another, unfolding and chaperoning them 
(Giovanella, 1990 ). 
Thus, these experiments seem to confirm that the 
appearance of the 72-kD HSP in the nucleoli after heat 
treatment may be a response to save the nucleolar proteins 
from heat denaturation. Nucleolus is probably one of the 
important organelles to be protected from heat injury as it 
manufactures all the machineries for protein synthesis. While 
the quantity of such HSP is important in cellular protection,, 
the observed constitutive synthesis of 72-kD HSP indeed 
protects the U-87 MG and U-373 MG cells from cytotoxic injury 
far better than the murine cell lines including the EAT cells. 
The findings concerning the increase in acetylation of 
histones after hyperthermia at 40•5 C is an interesting 
phenomenon in relation to cell survival (Results and 
Discussion, Section VII)• Acetylation of histones is thought 
t o
 serve as a specific signal that modulates the interaction 
of histones with DNA and other proteins and also the stability 
of higher order folding of chromatin (Loidl 1988) . It implies 
that mild hyperthermia, apart from destablising protein 
molecules, should initiate DNA replication and transcription; 
however, this postulation has not been substantiated in the 
thymidine and uridine experiments where the EAT cells were 
treated at 41° C. 
In relation to histone acetylation, the increase in 
acetylation of at least one nuclear acidic protein (78 kD) has 
also been observed after hyperthermia. It is evident that 
acetylation and phosphorylation of certain nuclear acidic 
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proteins are involved in the early event of hormone action 
(Liew et al. 1973 ) . Further investigation into the functional 
aspects of this 78 kD protein acetylation is required. 
In prospective, there seems to be two major events that 
happen in the nucleus during hyperthermic attack. On one 
hand, there is a destabilisation or conformational change of 
proteins; some are more sensitive than the others, which 
eventually disrupt the normal functioning of the nuclear 
activities, particularly, the nucleolar ribosomal synthesis. 
The other is likely the appearance of certain preventive 
measures, programmed to protect the cells. This includes the 
synthesis of HSP from the pre-existing RNA or synthesizing new 
rNA from the chromatin as a result of histone acetylation. 
Both of these phenomena are extremely important and must be 
studied carefully in order to understand how the cell responds 




Hyperthermic effects on tumour cells are multifold. It 
is difficult to identify one single even that is most 
important in leading to cell death. Indeed, it may be futile 
to do so, as heat can produce numerous biochemical changes, 
during and after treatment in all cellular compartments. 
Since hyperthermia affects molecules and molecular structures 
throughout the cell, it may be that the cell is killed by the 
summation of various lesions. What is important is the. 
understanding of the biochemical structural modifications when 
cells are placed in an elevated temperature. 
The findings in this study have contributed to our 
understanding on the response of nuclear and nucleolar 
proteins towards hyperthermia. There probably exists a kind 
of survival response in the cells towards hyperthermic attack. 
Some changes may lead to disruption of normal cell functioning 
whereas some protective mechanisms do exist. to counteract such 
alterations. The disregulation of pH. under hyperthermia could 
be secondary to the changes that take place in the plasma 
membrane, but prolonging the state of low pH- could lead to 
cell lethality. 
Whereas different cell types in vitro may respond 
differently in relation to the cytotoxity of hyperthermia, a 
far more complex picture may be involved in tumour cells in 
vivo. Our state of knowledge of the effects of hyperthemia on 
cell functions should be advanced by consideration of testable 
models and new experimental data. 
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